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ABSTRACT
E x p e r i m e n t a l  a n d  t h e o r e t i c a l  s t u d i e s  h a v e  b e e n  m a d e  o f  l o w  a n d  
h i g h  f i e l d  e l e c t r o n  t r a n s p o r t  i n  n - t y p e  I n  A s ,  P  a s  a  f u n c t i o n  o f
I*"*X X
a l l o y  c o m p o s i t i o n  a n d  h y d r o s t a t i c  p r e s s u r e .  W i t h  t h e  e l e c t r o n  
c o n c e n t r a t i o n  a n d  H a l l  m o b i l i t y  v a r y i n g  f r o m  6 x 1 0 15c m ~ 3 a n d  
3 5 0 0  c m 2 / V / s  r e s p e c t i v e l y  i n  I n P  t o  2 x  1 0 16c m “ 3 a n d  1 2 5 0 0  c m 2/ V / s  
i n  I n  A s ,  t h e  t o t a l  d e n s i t y  o f  i m p u r i t y  w a s  f o u n d  t o  v a r y  f r o m  a b o u t  
1 0 16c m “ 3 i n  I n P  t o  a b o u t  1 0 17 c n f 3 i n  I n  A s  s h o w i n g  t h a t  i m p u r i t y  
s c a t t e r i n g  b e c a m e  i n c r e a s i n g l y  i m p o r t a n t  w i t h  d e c r e a s i n g  p h o s p h o r u s  
c o n t e n t .  A  d e c r e a s e  i n  m o b i l i t y  w i t h  i n c r e a s i n g  p r e s s u r e  w a s  o b s e r v e d .  
T a k i n g  t h e  m e a s u r e d  d e n s i t y  o f  i m p u r i t i e s ,  t h e  v a r i a t i o n  i n  m o b i l i t y  
w i t h  p r e s s u r e  c o u l d  b e  a c c o u n t e d  f o r  b y  t h e  t h e o r y  w h e n  b o t h  p o l a r  
o p t i c a l  a n d  i o n i z e d  i m p u r i t y  s c a t t e r i n g s  w e r e  t a k e n  i n t o  a c c o u n t .
T h e  d r i f t  m o b i l i t y  r e l e v a n t  t o  h i g h  f i e l d  s t u d i e s  w a s  d e t e r m i n e d  
b y  m e a s u r i n g  t h e  H a l l  m o b i l i t y  a t  a  m a g n e t i c  f i e l d  o f  9 T .  T h e  r e s u l t s  
o f  h i g h  f i e l d  m e a s u r e m e n t s  s h o w e d  t h a t  a t  a t m o s p h e r i c  p r e s s u r e  a n d  
x  < 0 , 3 ,  t h e  h i g h  f i e l d  i n s t a b i l i t i e s  w e r e  c a u s e d  b y  a v a l a n c h e  m u l t i ­
p l i c a t i o n  a n d  f o r  x  > 0 . 3  b y  t h e  G u n n  e f f e c t .  T h e  t h r e s h o l d  f i e l d ,
F t , w a s  f o u n d  t o  i n c r e a s e  s t e a d i l y  w i t h  x  f r o m  a b o u t  1 k V / c m  i n  I n  A s  
t o  c l o s e  t o  9 l c V / c m  i n  I n P .  I n  t h e  a v a l a n c h e  r e g i o n ,  ( x  < 0 . 3 ) ,  
i n c r e a s i n g  p r e s s u r e  a n d  i n c r e a s i n g  x  p r o d u c e d  s i m i l a r  c h a n g e s  i n  b o t h  
F t  a n d  v T i f  1 k - b a r  w a s  s e t  e q u i v a l e n t  t o  1% i n c r e a s e  i n  p h o s p h o r u s .
I n  t h e  G u n n  r e g i o n ,  d e s p i t e  t h e  i n c r e a s i n g  t h r e s h o l d  f i e l d ,  v T m e a s u r e d  
r e m a i n e d  a l m o s t  c o n s t a n t  v r i . t h  c o m p o s i t i o n .  B y  c o n t r a s t ,  w i t h  i n c r e a s i n g  
p r e s s u r e  F ^  r e m a i n e d  a l m o s t  c o n s t a n t  a n d  v T d r o p p e d  a b o u t  16% i n  1 5  k - b a r .  
T h e  r e s u l t s  w e r e  s i m u l a t e d  b y  M o n t e  C a r l o  c a l c u l a t i o n s  o f  t h e  v e l o c i t y -  
f i e l d  c h a r a c t e r i s t i c s  i n c l u d i n g  a n  i o n i z e d  i m p u r i t y  s c a t t e r i n g  c o r r e s p o n d i n g  
t o  t h e  l o w  f i e l d  m o b i l i t y  o f  t h e  s a m p l e s  u s e d .  T h e  p a r a m e t e r s  u s e d  a n d
t h e i r  v a r i a t i o n s ,  w i t h  x  a n d  p r e s s u r e  w e r e  d i s c u s s e d .  R e a s o n a b l e
a g r e e m e n t  w a s  o b t a i n e d  f o r  t h e  m a g n i t u d e s  o f  F  a n d  v ^  a n d  f o r  t h e i r
v a r i a t i o n s  w i t h  p r e s s u r e  a n d  c o m p o s i t i o n .  B y  r e d u c i n g  t h e  i m p u r i t y
s c a t t e r i n g  t o  z e r o ,  e s t i m a t e s  f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  p u r e  a l l o y s
w e r e  o b t a i n e d .  T h e s e  i n d i c a t e d  t h a t  v T i n c r e a s e s  f r o m  a b o u t  2 . 6  x  1 0 1 7 c m / s
i n  I n P  t o  3 . 0 5  c m / s  i n  I n  A s ^  7 P ^  s u g g e s t i n g  t h i s  m a y  b e  a  u s e f u l
m a t e r i a l  f o r  m i c r o w a v e  d e v i c e s .  A n a l y s i s  o f  t h e  t r a n s i t i o n  f r o m  i m p a c t
i o n i z a t i o n  t o  G u n n  e f f e c t  g a v e  v a l u e s  o f  t h e  s u b - b a n d  g a p , A E  , o f  0 . 7 1r l
a n d  0 . 7 9  e V  f o r  I n  A s Q ?  PQ>3 a n d  I n  A s Q 7g PQ r e s p e c t i v e l y .
E l e c t r o n  l o s s  t o  i m p u r i t y  l e v e l s  n o r m a l l y  a b o v e  t h e  r ^ c  m i n i m u m  
w a s  o b s e r v e d .  T h e  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  l e v e l s  a r e  d i s c u s s e d  
a n d  t h e i r  e n e r g i e s  a r e  d e t e r m i n e d .  A  s e m i c o n d u c t o r - s e m i m e t a l  p h a s e  
t r a n s i t i o n ,  w h i c h  o c c u r s  a t  6 0  lc—b a r  i n  I n  A s ,  i s  f o u n d  t o  v a r y  l i n e a r l y  
t o  1 0 0  l c - b a r  i n  I n P  a n d  i s  c o m p a r e d  w i t h  t h e  t h e o r y  o f  V a n  V e c h t e n .
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C H A P T E R  1 
I N T R O D U C T I O N
M i x e d  c r y s t a l s  a r e  o f  c o n s i d e r a b l e  i n t e r e s t  s i n c e  t h e y  m a y  b e  
d e s i g n e d  t o  h a v e  s o m e  d e s i r a b l e  p r o p e r t i e s  \ < r h i c h  c a n n o t  b e  o b t a i n e d  
f r o m  t h e  c o m p o u n d s .  I n  a d d i t i o n  t h e y  m a y  p r o v i d e  i n f o r m a t i o n  a b o u t  
t h e i r  p a r e n t  c o n s t i t u e n t s .  W i t h  t h e i r  p r o p e r t i e s  " m a d e  t o  o r d e r " ,  
m i x e d  c r y s t a l s  a r e  p r o b a b l y  t h e  m o s t  f a s c i n a t i n g  f o r  P h y s i c i s t s  a n d  
a r e  a l s o  i m p o r t a n t  f o r  a p p l i c a t i o n s .
T h e  I n  A s ^ _ x  P ^  m i x e d  c r y s t a l s  a r e  o f  p r a c t i c a l  a s  w e l l  a s  
t h e o r e t i c a l  i n t e r e s t  s i n c e  a  h i g h  e l e c t r o n  d r i f t  v e l o c i t y  m a y  b e  
a t t a i n a b l e  a t  s o m e  a l l o y  c o m p o s i t i o n ,  a n d  t h i s  w o u l d  b e  a d v a n t a g e o u s  
f o r  h i g h  f r e q u e n c y  s e m i c o n d u c t o r  d e v i c e s .  T h i s  w o r k  h a s  t h e r e f o r e  b e e n  
p r i m a r i l y  c o n c e r n e d  w i t h  t h e  s t u d y  o f  t h e  h i g h  f i e l d  i n s t a b i l i t i e s  
i n  t h e  I n  A s ,  P  a l l o y s  t o  i n v e s t i g a t e  t h e  b e h a v i o u r  o f  t h e  p e a k
l ^ X  X
d r i f t  v e l o c i t y ,  a n d  w a s  f i n a n c e d  b y  S RC f o r  t h i s  p u r p o s e .
I n  p u r e  I n  A s  t h e  d i r e c t  b a n d  g a p  e n e r g y  E 0 ^ 0 , 3 5  e V  [ l ]  a n d
o
t h e  e l e c t r o n  m o b i l i t y ,  y ,  i s  c o r r e s p o n d i n g l y  h i g h  a t  a b o u t  3 0 , 0 0 0  c m 2 / V / s  
[ 2 ] ,  s o  t h a t  a v a l a n c h e  b r e a k d o w n  i s  o b s e r v e d  t o  o c c u r  a t  a  t h r e s h o l d  
e l e c t r i c  f i e l d  F ^  c l o s e  t o  1  k V / c m  [ 3 ] ,  I n P  o n  t h e  o t h e r  h a n d  h a s  a  
l o w e r  m o b i l i t y  o f  ^  4 , 0 0 0  c m 2 / V / s  [ 4 ]  b u t  a  m u c h  h i g h e r  b a n d  g a p ,  s o  
t h a t  t h e  c u r r e n t  i n s t a b i l i t y  i s  f i r s t  c a u s e d  b y  G u n n  o s c i l l a t i o n s  w h i c h  
o c c u r  a t  a  t h r e s h o l d  f i e l d  F ^  % 1 0  k V / c m  [ 5 ] .  I t  i s  t h e r e f o r e  a n  
i n t e r e s t i n g  p r o b l e m  h o w  t h e  p e a k  v e l o c i t y ,  v T , w h i c h  i s  c l o s e l y  r e l a t e d  
t o  t h e  p r o d u c t  y F ^  [ 6 ] ,  w i l l  v a r y  a c r o s s  t h e  a l l o y  s y s t e m .
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H i g h  p r e s s u r e s  a r e  o f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n  
s i n c e  t h e y  t o o  c a n  p r o d u c e  c h a n g e s  i n  t h e  b a n d  s t r u c t u r e  s i m i l a r  t o  
t h o s e  p r o d u c e d  b y  a l l o y i n g ,  a n d  p r o v i d e  a n  i n d e p e n d e n t  m e a n s  o f  
v a r y i n g ,  a n d  h e n c e  s t u d y i n g ,  t h e  p a r a m e t e r s  w h i c h  d e c i d e  t h e  p e a k  
v e l o c i t y  v ^ , .  T h e  e f f e c t s  o f  p r e s s u r e  a n d  c o m p o s i t i o n  c a n  t h e r e f o r e  
b e  u s e f u l l y  c o m p a r e d  a n d  c o n t r a s t e d  a n d  m a y  b e  r e l a t e d .  S u c h  
r e l a t i o n s h i p  w o u l d  b e  o f  p r a c t i c a l  i m p o r t a n c e  s i n c e  i n  m a n y  c a s e s  
a l l o y i n g  i s  d i f f i c u l t  a n d  v e r y  e x p e n s i v e .  P r e s s u r e  m a y  t h u s  b e c o m e  
a n  i m p o r t a n t  t o o l  f o r  p r d i m i n a r y  i n v e s t i g a t i o n s  o n  a v a i l a b l e  
c o m p o u n d s  t o  p r e d i c t  t h e  b e h a v i o u r  o f  a l l o y s .  H i g h  p r e s s u r e  s t u d i e s  
a r e  a l s o  u s e f u l  i n  o b t a i n i n g  i n f o r m a t i o n  a b o u t  b a n d  s t r u c t u r e s  a n d  
p a r a m e t e r s  w h i c h  a r e  o t h e r w i s e  d i f f i c u l t  t o  o b t a i n . [ 7 ] .
S t u d y  o f  t h e  h i g h  f i e l d  p r o p e r t i e s  i n v o l v e d  b o t h  M o n t e  C a r l o  
c a l c u l a t i o n s  a n d  m e a s u r e m e n t s  o f  t h e  v e l o c i t y  f i e l d  c h a r a c t e r i s t i c s  
u p  t o  t h e  t h r e s h o l d  o f  c u r r e n t  i n s t a b i l i t i e s .  F a s t  p u l s e  t e c h n i q u e  
w a s  u s e d ,  a n d  t h e  m e a s u r e m e n t s  w e r e  m a d e  b o t h  a t  a t m o s p h e r i c  p r e s s u r e  
a n d  i n  a  p i s t o n  a n d  c y l i n d e r  a p p a r a t u s  u p  t o  1 5  l c - b a r s .
S t u d y  o f  t h e  l o w  f i e l d  m o b i l i t y  w a s  c o m p l e m e n t a r y  t o  t h e  h i g h  
f i e l d  s t u d i e s .  H a l l  e f f e c t  m e a s u r e m e n t s  w e r e  t h e r e f o r e  n e c e s s a r y  t o  
i n v e s t i g a t e  t h e  b e h a v i o u r  o f  t h e  l o w  f i e l d  m o b i l i t y  w i t h  p r e s s u r e  a s  
w e l l  a s  w i t h  c o m p o s i t i o n .  T h e  m e a s u r e m e n t s ,  i n d i c a t e d  l o s s  o f  
c a r r i e r s  w i t h  i n c r e a s i n g  p r e s s u r e .  I n  o r d e r  t o  s t u d y  t h i s  p h e n o m e n o n ,  
t h e  r e s i s t i v i t y  m e a s u r e m e n t s  w e r e  e x t e n d e d  t o  a b o v e  100  k - b a r s  u s i n g  
a  B r i d g m a n  a p p a r a t u s .  C a r r i e r  l o s s  d u e  t o  t r a p o u t  t o  i m p u r i t y  l e v e l s  
a b o v e  t h e  r ^ c  w a s  o b s e r v e d ,  b u t  t h e s e  e x p e r i m e n t s  a l s o  s h o w e d  a  
d r a m a t i c  d e c r e a s e  i n  r e s i s t i v i t y  a t  h i g h  p r e s s u r e s  d u e  t o  a  p r e s s u r e -  
i n d u c e d  p h a s e  t r a n s i t i o n .  T h e  v a r i a t i o n  o f  t h e  t r a n s i t i o n  p r e s s u r e  a c r o s s  
t h e  a l l o y  w a s  t h e n  s t u d i e d  a n d  c o m p a r e d  w i t h  t h e  t h e o r y  [ 8 ] o f  V a n  V e c h t e n .
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S i n c e  a  k n o w l e d g e  o f  t h e  b a n d ,  s t r u c t u r e  a n d  l o w  f i e l d  p r o p e r t i e s  
o f  I I I - V  c o m p o u n d s  a r e  e s s e n t i a l  f o r  t h e  u n d e r s t a n d i n g  o f  t h i s  w o r k ,  
w e  w i l l  p r o v i d e  a  g e n e r a l  r e v i e w  f o r  t h i s  p u r p o s e  i n  C h a p t e r  2 .  I n  
C h a p t e r  3  t h e  t h e o r i e s  o f  a v a l a n c h e  b r e a k d o w n  a n d  G u n n  e f f e c t  a r e  
i n t r o d u c e d ,  a n d  i n  C h a p t e r  4  w e  p r e s e n t  a  b r i e f  d i s c u s s i o n  o f  t h e  M o n t e  
C a r l o  t e c h n i q u e  a n d  i t s  i n p u t  a n d  o u t p u t  p a r a m e t e r s .  T h e  d e p e n d e n c e  o f  
t h e  i n p u t  p a r a m e t e r s  o n  p r e s s u r e  a n d  c o m p o s i t i o n  i s  a l s o  d i s c u s s e d  i n  
d e t a i l  i n  C h a p t e r  V ,  f o r  t h e  I n  A s ,  P  a l l o y s .  T h e  a p p a r a t u s  a n d
1"*X X
e x p e r i m e n t a l  t e c h n i q u e s  a r e '  t h e n  p r e s e n t e d  i n  C h a p t e r  6 . O u r  s t u d i e s  o f  
t h e  l o w  f i e l d  m o b i l i t y  a n d  h i g h  f i e l d  p r o p e r t i e s  o f  t h e  I n  A S j _ ^  P ^  
a l l o y s  a r e  p r e s e n t e d  a n d  d i s c u s s e d  i n  C h a p t e r s  7 a n d  8 , a n d  i n  C h a p t e r  
9  a n  a c c o u n t  i s  g i v e n  o f  o u r  r e s u l t s  o n  e l e c t r o n  t r a p p i n g  a n d  p h a s e  
t r a n s i t i o n s .  F i n a l l y  o u r  c o n c l u s i o n  i s  p r e s e n t e d  i n  C h a p t e r  1 0 .
C H A P T E R  2
G E NE RAL  R E V I E W  C F  I I I - V  COMPOUNDS P R O P E R T I E S
2 , 1  C r y s t a l  S t r u c t u r e  a n d  B i n d i n g
M o s t  I I I - V  c o m p o u n d s  c r y s t a l i z e  i n t o  t h e  z i n c - b l e n d e  s t r u c t u r e s ,  
F i g .  ( 2 , 1 ) ,  w h i c h  i s  s i m i l a r  t o  t h e  d i a m o n d  s t r u c t u r e  o f  t h e  f a m i l i a r  
g r o u p  I V  e l e m e n t s  S i ,  G e ,  a n d  g r a y  S n .  I n  t h e  z i n c - b l e n d e  s t r u c t u r e  
h o w e v e r ,  a t o m s  o f  g r o u p  I I I  a n d  V o c c u p y  a l t e r n a t e  l a t t i c e  s i t e s  s u c h  
t h a t  e a c h  a t o m  o f  t h e  c h e m i c a l  s p e c i e s  i s  s u r r o u n d e d  b y  f o u r  n e a r e s t  
n e i g h b o u r  a t o m s  o f  t h e  o t h e r  c h e m i c a l  c o n s t i t u e n t  f o r m i n g  a  r e g u l a r  
t e t r a h e d r o n .  T h e  u n i t  c e l l  o f  t h e  z i n c - b l e n d e  s t r u c t u r e  c o n t a i n s  t w o  
a t o m s ,  o n e  o f  e a c h  k i n d  a n d  t h e r e f o r e  l a c k s  i n v e r s i o n  s y m m e t r y  i n  
c o n t r a s t  w i t h  d i a m o n d  s t r u c t u r e .  T h e  t w o  k i n d s  o f  a t o m s  d o  n o t  h a v e  
t h e  s a m e  e l e c t r o n e g a t i v i t y  o r  t h e  s a m e  s i z e ,  a n d  t h e r e f o r e  t h e  b o n d i n g  
s c h e m e  i s  s o m e w h a t  d i f f e r e n t  f r o m  t h a t  o f  t h e  g r o u p  I V  e l e m e n t s .  G r o u p  
I l l b  a t o m s  h a v e  t h r e e  e l e c t r o n s  w i t h  a n  S 2p 1 c o n f i g u r a t i o n  o u t s i d e  a  
c o r e  o f  c l o s e d  s h e l l s ,  a n d  g r o u p  Vb a t o m s  h a v e  f i v e  e l e c t r o n s  i n  a n  
S 2p 3 c o n f i g u r a t i o n .  I f  o n e  c a n  v i s u a l i z e  a  s i t u a t i o n  i n  w h i c h  e a c h  V 
a t o m  i s  d o n a t i n g  o n e  e l e c t r o n  t o  a  I I I  a t o m  s o  t h a t  e a c h  a t o m  w i l l  h a v e  
a n  a v e r a g e  o f  f o u r  v a l e n c e  e l e c t r o n s ,  t h e n  S p 3 h y b r i d  o r b i t a l s  w i l l  b e  
f a v o u r e d  a n d  c o v a l e n t  b o n d i n g  w i l l  t a k e  p l a c e  ( s i m i l a r  t o  t h a t  i n  g r o u p  
I V  e l e m e n t s ) .  B u t  n o w ,  t h e r e  i s  a  s m a l l  i o n i c  c o m p o n e n t  c o n t r i b u t i n g  t o  
t h e  b o n d  d u e  t o  t h e  e x t r a  c h a r g e s ,  - e  o n  t h e  I I I  a t o m  a n d  + e  o n  t h e  V 
a t o m .  T h i s  c a n  b e  r e p r e s e n t e d  b y  t h e  f o r m u l a  I I I " 1 V + 1 . P u r e  i o n i c  
b o n d i n g  c a n  b e  a l s o  v i s u a l i z e d ,  m  w h i c h  c a s e  a l l  t h r e e  v a l e n c e  e l e c t r o n s  
o n  t h e  I I I  a t o m  a r e  d o n a t e d  t o  t h e  V a t o m ,  s o  t h a t  e a c h  a t o m  i n  t h e  
c r y s t a l  i s  i n  a  c l o s e d  s h e l l  c o n f i g u r a t i o n  a n d  t h e  b o n d i n g  f o r c e  i s  a
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p u r e l y  e l e c t r o s t a t i c  o n e .  T h i s  c a s e  i s  r e p r e s e n t e d  b y  t h e  f o r m u l a  
I I I + 3V“ 3 . B e t w e e n  t h e s e  t w o  e x t r e m e s  a  c o n t i n u o u s  r a n g e  o f  b o n d  
c h a r a c t e r '  i s  p o s s i b l e ,  a n d  w e  m a y  r e p r e s e n t  t h i s  r a n g e  b y  t h e  f o r m u l a  
I I I + ^  ^  ^  , w h e r e  ( A - l )  i n d i c a t e s  t h e  e f f e c t i v e  c h a r g e  o n  t h e  a t o m s ,
a n d  t h e  p a r a m e t e r  A r a n g e s  b e t w e e n  0  ( c o v a l e n t )  a n d  4  ( i o n i c ) . C a l c u l a t i o n s  
o f  t h e  e f f e c t i v e  c h a r g e s  i n  I I I - V  c o m p o u n d s  u s i n g  t h e  LCAO m e t h o d  g a v e  
v a l u e s  o f  0 , 4 9 | e ]  [ 9 ]  f o r  b o t h  I n  A s  a n d  I n P .  T h i s  i n d i c a t e s  t h a t  
t h e  b i n d i n g  i s  s l i g h t l y  o n  t h e  i o n i c  s i d e  o f  t h e  n e u t r a l  p o i n t  ( A = l ) , 
m e a n i n g  t h a t  t h e  v a l e n c e  e l e c t r o n s  t e n d  t o  s p e n d  l a r g e r  t i m e  i n  t h e  
v i c i n i t y  o f  t h e  V a t o m s .  T h e  v a l e n c e  e l e c t r o n s  t h e r e f o r e  t e n d  t o  s h i e l d  
t h e  a t o m s  o f  t h e  V - s u b l a t t i c e , a n d  t h e  p r o b a b i l i t y  o f  f i n d i n g  a  c o n d u c t i o n  
e l e c t r o n  i s  g r e a t e r  n e a r  a n  a t o m  o f  t h e  I I I - s u b l a t t i c e . M a d e l u n g  [ 4 ] a r g u e s  
t h a t  t h e  c o n d u c t i o n  e l e c t r o n s  a r e  c o n s e q u e n t l y  a b l e  t o  " s e e "  a  f a c e  
c e n t r e d  c u b i c  l a t t i c e  o f  s i m p l e r  s t r u c t u r e  t h a n  t h e  d i a m o n d  l a t t i c e .  
T h e o r e t i c a l  e s t i m a t e s  s h o w  t h i s  l a t t i c e  t o  h a v e  a  c o n d u c t i o n  b a n d  m i n i m u m  
a t  t h e  c e n t r e  o f  t h e  B r i l l o u i n  z o n e .
M a n y  a t t e m p t s  h a v e  b e e n  m a d e  t o  e x p l a i n  b a n d  s t r u c t u r e  a n d  p r o p e r t i e s  
o f  I I I - V  c o m p o u n d s  i n  t e r m s  o f  t h e i r  c r y s t a l  s t r u c t u r e  a n d  b i n d i n g .  A 
b r i e f  d i s c u s s i o n  o f  t h i s  s u b j e c t  i s  g i v e n  b y  M a d e l u n g  [ 4 ] .  F o l b e r t h  [ 1 0 ]  
p r e s e n t s  i n  a d d i t i o n  a  c r i t i c a l  d i s c u s s i o n  o f  t h e  p o s s i b l e  b i n d i n g  
m e c h a n i s m s  i n  I I I - V  c o m p o u n d s .
2 . 2  B a n d  S t r u c t u r e
T h e  b a n d  s t r u c t u r e s  o f  I I I - V  c o m p o u n d s  a r e  s i m i l a r  t o  t h o s e  o f  
g r o u p  I V  s e m i c o n d u c t o r s ,  t h o u g h  t h e r e  a r e  s o m e  d i f f e r e n c e s  a r i s i n g  f r o m  
t h e  l a c k  o f  i n v e r s i o n  s y m m e t r y  i n  t h e  c o m p o u n d s .  A l l  I I I - V  c o m p o u n d s  
a p p e a r  t o  h a v e  a  s i m i l a r  v a l e n c e  b a n d  s t r u c t u r e .  T h e  b a n d  a s  i n  G e  a n d  
S i ,  i s  d e g e n e r a t e  a t  t h e  c e n t r e  o f  t h e  z o n e ,  t h e r e  b e i n g  a  h e a v y  h o l e -
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b a n d  a n d  a  l i g h t - h o l e  b a n d  a n d  a l s o  a  t h i r d  b a n d  s p l i t  o f f  b y  s p i n -  
o r b i t  i n t e r a c t i o n .  T h e  m a x i m a  o f  t h e  v a l e n c e  b a n d  d o  n o t ,  h o w e v e r ,  
l i e  e x a c t l y  a t  t h e  z o n e  c e n t r e ,  b u t  s o m e  s m a l l  d i s t a n c e  a w a y .  T h e  
c o n d u c t i o n  b a n d  s t r u c t u r e  o f  a l l  c o m p o u n d s  h a s  m i n i m a  l y i n g  o n  < 100> 
a n d  < 1 1 1 >  d i r e c t i o n s  a n d  a t  t h e  B r i l l o u i n  z o n e  c e n t r e .  T h e  a n t i -  
m o n i d e s ,  a r s e n i d e s  a n d  p h o s p h i d e s  o f  g a l l i u m  a n d  i n d i u m ,  a l l  e x c e p t  
G a P , h a v e  t h e i r  l o w e s t  m i n i m u m  a t  t h e  z o n e  c e n t r e  a n d  a l l  h a v e  t h e i r
n e x t  l o w e s t  m i n i m a  a l o n g  t h e  < 1 1 1 >  d i r e c t i o n s  [ 1 1 , 1 2 ] ,  T h e  e f f e c t i v e
*
m a s s  o f  e l e c t r o n s  m  t h e  c o n d u c t i o n  b a n d ,  m c , i s  a p p r o x i m a t e l y  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f u n d a m e n t a l  e n e r g y  g a p ,  E g .  T h i s  i m p l i e s
t h a t  s m a l l  g a p  m a t e r i a l s  w i l l  h a v e  s m a l l  e f f e c t i v e  m a s s .  S i n c e ,  i n
*  %
t u r n  t h e  d e n s i t y  o f  s t a t e s  N c ( e )  ( m c ) , w e  d e a l  i n  s m a l l  g a p  m a t e r i a l s  
w i t h  s m a l l  d e n s i t y  o f  s t a t e s ,  a n d  e v e n  a  r e l a t i v e l y  s m a l l  n u m b e r  o f  
e l e c t r o n s  r a i s e s  t h e  F e r m i  l e v e l  a n d  t h e  c o n d u c t i o n  b a n d  i s  p o p u l a t e d  
t o  q u i t e  h i g h  e n e r g i e s  a b o v e  t h e  b a n d  m i n i m u m  ( c o m p a r a b l e  w i t h  E g ) .
I n  t h i s  s i t u a t i o n  t h e  p r o x i m i t y  o f  t h e  v a l e n c e  b a n d  i s  s t r o n g l y  f e l t ,  
a s  a  r e s u l t ,  t h e  E ( l c )  d e p e n d e n c e  o f  t h e  e l e c t r o n s  i n  t h e  c o n d u c t i o n  
b a n d  b e c o m e  s t r o n g l y  n o n - p a r a b o l i c  [ 1 3 ] ,  I n d e e d ,  K a n e ’ s  t h e o r y  [ 1 4 ]  
i n d i c a t e s  t h a t  t h e  n o n - p a r a b o l i c i t y  o f  t h e  I n  A s  c o n d u c t i o n  b a n d  i s  
l a r g e .
. A
T h e  e f f e c t i v e  m a s s  o f  t h e  h e a v y  h o l e s ,  m , d o  n o t  s e e m  t o  v a r y
■ V 1
m u c h  b e t w e e n  c o m p o u n d s  [ 1 5 ] .  T h i s  l i e s  i n  t h e  r a n g e  ( 0 . 3  -> 0 . 5 )  m Q 
f o r  t h e  a b o v e  m e n t i o n e d  c o m p o u n d s  [ 1 6 ] .  T h e  l i g h t  h o l e  b a n d  i s  a
m i r r o r  r e f l e c t i o n  o f  t h e  c o n d u c t i o n  b a n d  [ 1 7 ] ,  a n d  t h e r e f o r e  t h e
. * < * 
l i g h t  h o l e  e f f e c t i v e  m a s s  m ^  i s  e x p e c t e d  t o  b e  v e r y  s i m i l a r  t o  m ^ .
T h e  b a n d  s t r u c t u r e  a p p l i e d  t o  m o s t  I I I - V  c o m p o u n d s  i s  s h o w n  i n  
F i g .  ( 2 . 2 ) .  A c c o r d i n g  t o  K a n e ’ s  t h e o r y  [ 1 4 ] ,  t h e  I* c o n d u c t i o n  b a n d  i s  
n o n - p a r a b o l i c  b u t  i s o t r o p i c ,  t h e  e l e c t r o n s  i n  t h i s  b a n d  t h e r e f o r e  p o s s e s s  
a  v a r y i n g  s c a l a r  e f f e c t i v e  m a s s .  T h e  m a x i m u m  o f  t h e  V j  b a n d  i s  s h o w n  a t  
lc = 0 a n d  n o t  ^  3% a w a y  f r o m  k  -  0  a l o n g  t h e  < 1 1 1 >  d i r e c t i o n s  a s  o b s e r v e d  
i n  I n  A s  a n d  I n  S b  [ 1 8 ] ,  s i n c e  t h e  h i g h t  o f  t h e s e  m a x i m a  a b o v e  t h e  e n e r g y  
a t  k  =  0  i s  m u c h  l e s s  t h a n  t h e  t h e r m a l  e n e r g y  a n d  t h e r e f o r e  s u c h  f i n e  
d e t a i l  i n  t h e  b a n d  s t r u c t u r e  t e n d s  t o  b e  n e g l i g i b l e .
2 , 3  T h e  k*p_  T h e o r y
K a n e  [ 1 4 ] ,  u s i n g  t h e  " k  • f i ’ p e r t u r b a t i o n  m e t h o d ,  h a s  c a l c u l a t e d  t h e  
b a n d  s t r u c t u r e  o f  I n  S b . W i t h  t h i s  m e t h o d  h e  t r e a t e d  e x a c t l y  t h e  i n t e r ­
a c t i o n  o f  t h e  t w o  c l o s e l y  s p a c e d  c o n d u c t i o n  a n d  v a l e n c e  b a n d s  t h r o u g h  
t h e  " k * p " ,  a n d  " l c - i n d e p e n d e n t "  s p i n - o r b i t ,  i n t e r a c t i o n s .  H e  t h e n  t r e a t e d  
t h e  i n t e r a c t i o n  w i t h  h i g h e r  b a n d s  b y  s e c o n d  o r d e r  p e r t u r b a t i o n  t h e o r y .
T h e  r e s u l t i n g  b a n d  s t r u c t u r e  i s  s i m i l a r  t o  t h a t  d e s c r i b e d  e a r l i e r  ( F i g .  
2 . 2 )  a n d  a r o u n d  k  0 i s  g i v e n  b y :
E -  E 
c  gg
E
•ft2k 2
v
1
2m
( 2 . 1 )
•fr2k 2 2k 2p 2
E
*ft2k 2 k 2p 2 A +  ~ -------  — — — r , . .
2 m  3 ( E  + A )  
0 g
v 3
I n  t h e  a b o v e  r e l a t i o n s ,  t h e  i n t e r a c t i o n  w i t h  h i g h e r  b a n d s  i s  n e g l e c t e d .
F I G . 2 . 2  B A N D  S T R U C T U R E  C O M M O N  T O  I . Y  
C O M P O U N D S
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The e f f e c t i v e  m a s s e s  a r e  r e l a t e d  t o  t h e  c u r v a t u r e  o f  t h e  b a n d s
a n d  c a n  b e  c a l c u l a t e d  f r o m  t h e  a b o v e  r e l a t i o n s .  E l e c t r o n s  i n  t h e  l b
l e
c o n d u c t i o n  b a n d  h a v e  e f f e c t i v e  m a s s  m g i v e n  b y  t h e  r e l a t i o n :
c
m
c
( 2 . 2 )
m
0
P  i s  a  m o m e n t u m  m a t r i x  e l e m e n t  r e l a t i n g  t h e  T a n d  r i 5 v  s t a t e s .  I t  h a s  b e e n  
p o i n t e d  o u t  b y  E h r e n r e i c h  [ 1 9 ]  t h a t  P  s e e m s  t o  b e  c o n s t a n t  t o  w i t h i n  20 %
f o u n d  t o  h a v e  a n  a v e r a g e  v a l u e  o f  v  2 0  e V  [ 2 0 ] .
T h e  e f f e c t  o f  h i g h e r  b a n d s  o n  t h e  c o n d u c t i o n  b a n d  i s  t o  s h i f t  
t h e  b a n d  a t  k  f  0 t o  h i g h e r  e n e r g i e s  a n d  t o  l i f t  t h e  s p i n  d e g e n e r a c y  
e x c e p t  i n  t h e  < 1 0 0 >  a n d  < 1 1 1 >  d i r e c t i o n s  [ 4 , 1 7 ] .
T h e  s p i n  o r b i t  s p l i t t i n g  A a t  t h e  z o n e  c e n t r e  i n  a  I I I - V  s e m i c o n d u c t o r  
c a n  b e  e s t i m a t e d  b y  u s i n g  t h e  e m p i r i c a l  r e l a t i o n  [ 2 1 ] :
T h e  q u a n t i t i e s  a n d  A ^  a r e  t h e  f r e e  a t o m  s p i n  o r b i t  s p l i t t i n g s  o f
g r o u p  I I I  a n d  g r o u p  V e l e m e n t s  r e s p e c t i v e l y .  T h e  f a c t o r s  0 . 3 5  a n d  0 . 6 5  
m e a s u r e  t h e  a v e r a g e  a m o u n t  o f  t i m e  a n  e l e c t r o n  s p e n d s  n e a r  t h e  I I I  o r  V
w a s
A ( 2 . 3 )
2 9  . . .
a t o m  r e s p e c t i v e l y ,  a n d  t h e  f a c t o r  i s  a n  e m p i r i c a l  r e n o r m a l i z a t i o n  
c o n s t a n t  e q u a l  t o  t h e  r a t i o  o f  t h e  o b s e r v e d  s p i n  o r b i t  s p l i t t i n g  i n
c r y s t a l l i n e  Ge  t o  t h a t  i n  a t o m i c  G e .
2 . 4  E l e c t r o n  T r a n s p o r t  a t  L o w  E l e c t r i c  F i e l d s
I n  a  s e m i c o n d u c t o r  c r y s t a l ,  t h e  e l e c t r o n s  i n  t h e  c o n d u c t i o n  b a n d  
( a n d  h o l e s  i n  t h e  v a l e n c e  b a n d ) ,  u n d e r g o  a l t e r n a t e  a c c e l e r a t i o n  b y  t h e  a p p l i e d
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e l e c t r i c  f i e l d  " F " ,  a n d  s c a t t e r i n g  b y  l a t t i c e  v i b r a t i o n s  a n d  d e f e c t s .
A s  a  r e s u l t ,  t h e  c h a r g e  c a r r i e r s  a r e  a b l e  t o  m o v e  w i t h  a n  a v e r a g e  d r i f t  
v e l o c i t y  v  =  yF_, s u p e r i m p o s e d  o n  t h e i r  r a n d o m  t h e r m a l  v e l o c i t y ,  y  i s  t h e  
m o b i l i t y  o f  c u r r e n t  c a r r i e r s ,  a n d  i s  d e t e r m i n e d  b y  t h e  v a r i o u s  s c a t t e r i n g  
m e c h a n i s m s  p r e s e n t .  T h e  m o s t  i m p o r t a n t  s c a t t e r i n g  m e c h a n i s m  i n  I I I - V  
c o m p o u n d s  i s  t h e  p o l a r  i n t e r a c t i o n  o f  t h e  c h a r g e  c a r r i e r s  w i t h  t h e  
o p t i c a l  l a t t i c e  v i b r a t i o n s  ( p o l a r  o p t i c a l  s c a t t e r i n g ) . C a r r i e r  s c a t t e r i n g  
b y  a c o u s t i c  v i b r a t i o n s  o f  t h e  l a t t i c e ,  a l t h o u g h  t h e  m o s t  i m p o r t a n t  i n  G e  
a n d  S i ,  i s  r e l a t i v e l y  u n i m p o r t a n t  i n  I I I - V  c o m p o u n d s  a t  r o o m  t e m p e r a t u r e .
I t  m a y ,  h o w e v e r ,  l i m i t  t h e  m o b i l i t y  a t  l o w e r  t e m p e r a t u r e s ,  w h e n  k T  i s  
s m a l l  c o m p a r e d  t o  t h e  o p t i c a l  p h o n o n  e n e r g y  p r o v i d e d  t h a t  i m p u r i t y  
s c a t t e r i n g  i s  s m a l l .  B o t h  n e u t r a l  a n d  i o n i z e d  i m p u r i t i e s  s c a t t e r  t h e  
c h a r g e  c a r r i e r s ,  h o w e v e r ,  n e u t r a l  i m p u r i t y  s c a t t e r i n g  m a y  c o m e  i n t o  p l a y  
o n l y  a t  v e r y  l o w  t e m p e r a t u r e s ,  w h i l e  i o n i z e d  i m p u r i t y  s c a t t e r i n g  c o u l d  
b e c o m e  d o m i n a n t  a t  r o o m  t e m p e r a t u r e  i n  c r y s t a l s  w i t h  h i g h  c o n c e n t r a t i o n  
o f  i m p u r i t i e s ,  C a r r i e r s  a r e  a l s o  s c a t t e r e d  b y  d i s l o c a t i o n s  a n d  a l l  t y p e s  
o f  l a t t i c e  d e f e c t s .  E l e c t r o n - e l e c t r o n  s c a t t e r i n g  a n d  e l e c t r o n - h o l e  
s c a t t e r i n g  a r e  e f f e c t i v e  i n  m a i n t a i n i n g  e q u i l i b r i u m  b e t w e e n  t h e  c a r r i e r s .  
W h i l e  e l e c t r o n - h o l e  i n t e r a c t i o n  i n  I I I - V  c o m p o u n d s ,  c a n  b e  t r e a t e d  i n  t h e
. . . .  .  *  &  V
s a m e  w a y  a s  i o n i z e d  i m p u r i t y  s c a t t e r i n g  ( s i n c e  > >  i n t y ,  e l e c t r o n - e l e c t r o n  
s c a t t e r i n g  i s  m o r e  c o m p l e x  [ 1 5 ] .  T h e  l a r g e  n u m b e r  o f  c a r r i e r s  c a n  a l s o  
c a u s e  s c r e e n i n g  o f  t h e  l a t t i c e  a t o m s  a n d  i m p u r i t i e s ,  t h e r e b y  r e d u c i n g  t h e i r  
s c a t t e r i n g  e f f e c t s .  S c r e e n i n g  e f f e c t s  c o u l d  i n c r e a s e  t h e  p o l a r  m o b i l i t y  
i n  I n  S b  b y  ro 5 0 % [ 2 2 ] .
I n  a  s e m i c o n d u c t o r ,  i n  t h e  p r e s e n c e  o f  a n  e l e c t r i c  f i e l d  F ,  t h e  
c u r r e n t  d e n s i t y  J  i s  g i v e n  b y :
J  = a F (2 .4)
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T h e  c o n d u c t i v i t y  " a "  i s  d e t e r m i n e d  b y  t h e  c a r r i e r s  c o n c e n t r a t i o n  " n "  
a n d  t h e i r  m o b i l i t y .  I n  a n  n - t y p e  m a t e r i a l ,  t h e  h o l e  c u r r e n t  i s  
n e g l e c t e d  a n d  t h e  c u r r e n t  i s  c o n s i d e r e d  t o  b e  c a r r i e d  s o l e l y  b y  e l e c t r o n s ,  
a n d  t h e  c o n d u c t i v i t y  i s  t h e n  g i v e n  b y :
o  =  n  e  y  ( 2 . 5 )
N 1
I n  t h e  p r e s e n c e  o f  N s c a t t e r i n g  m e c h a n i s m s ,  y  i s  g i v e n  b y  £  —  , w h e r e  y .
1 u i  1
i s  t h e  m o b i l i t y  a s s o c i a t e d  w i t h  t h e  i fcb  s c a t t e r i n g  p r o c e s s  a l o n e .  B o t h  n  
a n d  y  c a n  b e  d e t e r m i n e d  b y  a  H a l l  e f f e c t  e x p e r i m e n t  a s  w i l l  b e  d e s c r i b e d  
i n  C h a p t e r  6 . T h e  m o b i l i t i e s  a s s o c i a t e d  w i t h  i m p o r t a n t  s c a t t e r i n g  
m e c h a n i s m s  i n  I I I - V  c o m p o u n d s  a r e  g i v e n  b y  t h e  f o l l o w i n g  e x p r e s s i o n s :
a )  P o l a r  o p t i c a l  s c a t t e r i n g :
A n a l y s i s  o f  p o l a r  o p t i c a l  s c a t t e r i n g  h a s  b e e n  g i v e n  b y  H o w a r t h  a n d
S o n d h e i m e r  [ 2 3 ] ,  a n d  E h r e n r e i c h  [ 2 4 ]  h a s  m o d i f i e d  t h e i r  t h e o r y  t o  a l l o w
f o r  n o n - p a r a b o l i c  b a n d s .  F o l l o w i n g  E h r e n r e i c h ,  t h e  p o l a r  o p t i c a l  m o b i l i t y  
m a y  b e  c a l c u l a t e d  b y  s i m p l e  s u b s t i t u t i o n  i n  t h e  f o l l o w i n g  r e l a t i o n ,
* - h  ,
y  =  2 6 . 1 5  x 1 0 5 0 Mft
PO
r -2e T
e KJ 3 0 0 T p ( e x p z  —1 )  f  ^ z , ~ j c m 2 / V / s
( 2 . 5 )
where T is the lattice temperature, e is the effective charge, M is the
reduced mass of the atoms, ft is the volume of the unit cell, T is the
P
polar temperature, is the longitudinal optical frequency, and
0)
z  =  p f —  • T h e  f u n c t i o n  f ( z ,  ~ )  h a s  b e e n  g i v e n  b y  E h r e n r e i c h  [ 2 5 ] ,  a n d  i s
“ ft
s h o w n  i n  F i g . ( 2 . 3 )  a s  a  c o n t i n u o u s  f u n c t i o n  o f  z  f o r  d i s c r e t e  v a l u e s  o f  
rco
—  . m  a n d  ft a r e  i n  MKS u n i t s .
V
f 
(
z
.
o
y
m
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F I G .  2 - 3  f ( z ,  oi / co. ) v s ,  z  ,  a f t e r  E h r e n r e . i c h .  
P
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b )  I o n i z e d  i m p u r i t y  s c a t t e r i n g :
T h e  m o b i l i t y  a s s o c i a t e d  w i t h  i o n i z e d  i m p u r i t y  s c a t t e r i n g  i n  n o n ­
d e g e n e r a t e  s e m i c o n d u c t o r s ,  a c c o r d i n g  t o  B r o o k s  [ 2 6 ]  a n d  H e r r i n g  [ 2 7 ] ,  
m a y  b e  c a l c u l a t e d  f r o m  t h e  r e l a t i o n ,
* - I
V j  =  1 . 4 4  x  i o 19
r m \
T
KJ 3 0 0 J
3/2 K o
N ^ n Y
c m 2 / V / s
£ n  Y =  w ( l  +  b )  -
1 + b ( 2 . 6 )
a n d  b  =  1 . 1  x  1 0 19
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K ,
n  \m
w h e r e  K q i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s e m i c o n d u c t o r ,  N^. i s  t h e  
c o n c e n t r a t i o n  o f  i o n i z e d  i m p u r i t y  c e n t r e s  i n  c n T *3 a n d  n  i s  t h e  f r e e  
c a r r i e r  c o n c e n t r a t i o n  i n  c m - 3 .
c )  L a t t i c e  s c a t t e r i n g  b y  a c o u s t i c  m o d e s :
B a r d e e n  a n d  S h o c k l e y  [ 2 8 ]  h a v e  s h o w n  t h a t  a c o u s t i c  v i b r a t i o n s  l i m i t  t h e  
c a r r i e r s  m o b i l i t y  t o  a  v a l u e  g i v e n  b y  t h e  r e l a t i o n :
y = 6 . 1 2  x 1 0 “ 9p S 2 D- 2  
a c  a
r -  y 2 rm xT
— 13 0 0  J n y  I
L 0 J
c m 2 / V / s ( 2 . 7 )
w h e r e  p i s  t h e  m a s s  d e n s i t y  ( g m / c m 3 ) ,  S i s  t h e  s o u n d  v e l o c i t y  i n  t h e
s e m i c o n d u c t o r  ( c m / s ) , a n d  D i s  t h e  a c o u s t i c  d e f o r m a t i o n  p o t e n t i a l  ( e V ) .a
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2 . 5 . 1  E f f e c t  o f  p r e s s u r e  o n  b a n d  s t r u c t u r e
T h e  a p p l i c a t i o n  o f  h y d r o s t a t i c  p r e s s u r e  d o e s  n o t  a f f e c t  t h e  s y m m e t r y  
o f  t h e  c r y s t a l  ( i f  t h e r e  i s  n o  p h a s e  t r a n s i t i o n ) ,  a n d  s o  n o  s y m m e t r y  
d e g e n e r a c i e s  a r e  r e m o v e d ,  i n  c o n t r a s t  w i t h  u n i a x i a l  s t r e s s  e f f e c t s .  T h e  
h y d r o s t a t i c  p r e s s u r e  c a u s e s  s i m p l y  a  d e c r e a s e  i n  t h e  c r y s t a l  v o l u m e  a n d  
h e n c e  a  d e c r e a s e  i n  l a t t i c e  c o n s t a n t .  T h e r e f o r e  b a n d  e d g e s  w h i c h  a r e  n o t  
r e q u i r e d  b y  s y m m e t r y  t o  b e  d e g e n e r a t e  m a y  b e  m o v e d  w i t h  r e s p e c t  t o  o n e  
a n o t h e r .
V e r y  s i m p l y ,  o n e  w o u l d  e x p e c t  t h e  w a v e - f u n c t i o n  o v e r l a p  t o  b r o a d e n  
w i t h  d e c r e a s i n g  i n t e r a t o m i c  s p a c i n g ,  t h e  b a n d s  t h e r e f o r e  t o  w i d e n ,  a n d  
t h e  g a p  t o  d e c r e a s e .  T h i s  h a s  b e e n  p r o v e d  i n c o r r e c t  e x p e r i m e n t a l l y ,  a n d  
o b s e r v a t i o n  i n d i c a t e d  t h a t  t h e  e n e r g y  g a p  m a y  e i t h e r  i n c r e a s e  o r  d e c r e a s e  
d e p e n d i n g  o n  t h e  s y m m e t r y  o f  t h e  c o n d u c t i o n  b a n d  m i n i m a  a s s o c i a t e d  w i t h  i t .
A  c o m p a r i s o n  o f  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  s e v e r a l  s e m i c o n d u c t o r s  l e d  
P a u l  [ 2 9 ]  t o  f o r m u l a t e  t h e  e m p i r i c a l  r u l e .  T h i s  s t a t e s  t h a t  t h e  p r e s s u r e  
c o e f f i c i e n t s  o f  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t w o  s t a t e s  o f  g i v e n  s y m m e t r y  
i s  a p p r o x i m a t e l y  i n d e p e n d e n t  o f  t h e  m a t e r i a l  i n  w h i c h  i t  i s  m e a s u r e d .
E l e c t r o n s  m o v i n g  i n  t h e  T - v a l l e y  h a v e  m a i n l y  s - t y p e  w a v e  f u n c t i o n s  a n d  t h e  
i n f l u e n c e  o f  p r e s s u r e  o n  t h e s e  s t a t e s  i s  t o  r a i s e  t h e i r  e n e r g y  w i t h  
r e s p e c t  t o  t h e  v a l e n c e  b a n d  a t  a  r a t e  o f  v  1 0  x 1 0 “ 3 e V  l c - b a r ""1 . C o n t r i b u t i o n s  
t o  s t a t e s  i n  t h e  X - v a l l e y s  a r e  l a r g e l y  f r o m  p - t y p e  w a v e  f u n c t i o n s ,  w h i c h  
a r e  i n f l u e n c e d  b y  p r e s s u r e  i n  a  d i f f e r e n t  w a y .  S u c h  s t a t e s  w o u l d  b e  l o w e r e d  
i n  e n e r g y  u n d e r  t h e  i n f l u e n c e  o f  p r e s s u r e  a t  a  r a t e  o f  v  2  *  1 0 ~ 3 e V  k - b a r -1  
w i t h  r e s p e c t  t o  t h e  v a l e n c e  b a n d .  C o n t r i b u t i o n  t o  t h e  L - v a l l e y s  c o m e s  f r o m  
b o t h  p  a n d  s - t y p e  w a v e  f u n c t i o n s  a n d  t h e r e f o r e  t h e y  a s s u m e  a  p r e s s u r e
2 . 5  E f f e c t s  o f  P r e s s u r e
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c o e f f i c i e n t  s o m e w h e r e  b e t w e e n  t h o s e  o f  t h e  Y a n d  X - v a l l e y s .  T h e  L - v a l l e y s  
w e r e  f o u n d  t o  h a v e  a  p r e s s u r e  c o e f f i c i e n t  o f  % 5  x  1 0 “ 3 e V  k - b a r ” 1 . T a b l e  
( 2 . 1 )  i l l u s t r a t e s  t h e  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  T ,  L  a n d  X - v a l l e y s  i n  
a  n u m b e r  o f  z i n c - b l e n d e  a n d  d i a m o n d - t y p e  s e m i c o n d u c t o r s .
P e r h a p s  o n e  o f  t h e  m o s t  b e a u t i f u l  i l l u s t r a t i o n s  o f  t h e  e m p i r i c a l
r u l e  i s  t h a t  d e m o n s t r a t e d  i n  F i g .  ( 2 . 4 ) ,  w h i c h  s h o w s  t h e  a b s o r p t i o n  e d g e
e n e r g i e s  a s  a  f u n c t i o n  o f  p r e s s u r e  o b t a i n e d  b y  d i f f e r e n t  w o r k e r s  f o r  S i ,
G e  a n d  G a  S b .  S i ,  h a s  i t s  l o w e s t  c o n d u c t i o n  b a n d  m i n i m a  a t  a t m o s p h e r i c
p r e s s u r e  i n  t h e  < 100> d i r e c t i o n s ,  w h e r e  t h e  p r e s s u r e  c o e f f i c i e n t  i s  s m a l l
a n d  n e g a t i v e ,  a n d  t h e  e n e r g y  g a p  i s  o b s e r v e d  t o  d e c r e a s e  w i t h  p r e s s u r e .
G e  h a s  L j c  m i n i m a  l o w e s t  i n  e n e r g y  a n d  i t s  g a p  i s  s e e n  t o  i n c r e a s e  w i t h
p r e s s u r e ,  b u t  a t  a p p r o x i m a t e l y  3 0  l c - b a r s ,  t h e  L j c  a n d  X j c  m i n i m a  c r o s s
a n d  t h e  e n e r g y  g a p  i s  t h e n  s e e n  t o  d e c r e a s e  w i t h  p r e s s u r e .  Ga  S b  s h o w s  t w o
b a n d  c r o s s i n g  e f f e c t s .  F i r s t ,  t h e  F ^  m i n i m u m  m o v e s  p a s t  w i t h  L j c  m i n i m a
n e a r  8 k - b a r s  a n d  w e  c a n  o b s e r v e  a  c h a n g e  i n  t h e  r a t e  o f  i n c r e a s e  o f  e n e r g y
g a p  w i t h  p r e s s u r e  f r o m  t h a t  c h a r a c t e r i s t i c  o f  t h e  T ,  t o  t h a t  o f  t h e  L ,
i c  l c
m i n i m a .  N e a r  a b o u t  3 0  k - b a r  a n  L - X  c r o s s - o v e r  o c c u r s  a n d  a  d e c r e a s e  i n  
e n e r g y  g a p  w i t h  p r e s s u r e  i s  o b s e r v e d .  A n  i m p o r t a n t  f e a t u r e  o f  t h e s e  c u r v e s  
i s  t h e  s t r i k i n g  s i m i l a r i t y  o f  t h e  p r e s s u r e  c o e f f i c i e n t s .  H o w e v e r , -  t h e  
r e a s o n  f o r  s u c h  g o o d  a g r e e m e n t  i s  n o t  c l e a r ,  a n d  i t  i s  r a t h e r  s u r p r i s i n g  
s i n c e  t h e  v o l u m e  c o e f f i c i e n t s  ( i . e .  t h e  r a t e  o f  m o v e m e n t  o f  t h e  b a n d s  a s  a  
f u n c t i o n  o f  v o l u m e )  a r e  d i f f e r e n t  d u e  t o  t h e  d i f f e r e n c e s  i n  c o m p r e s s i b i l i t y .
M e l z  [ 3 0 ]  c a l c u l a t e d  s e v e r a l  p r e s s u r e  c o e f f i c i e n t s  u s i n g  a  p s e u d o ­
p o t e n t i a l  a p p r o a c h  a n d  o b t a i n e d  s o m e  j u s t i f i c a t i o n  f o r  t h e  e m p i r i c a l  r u l e .
M o r e  r e c e n t l y ,  p r e s s u r e  c o e f f i c i e n t s  i n  f a i r l y  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t  
h a v e  b e e n  c a l c u l a t e d  b y  C a m p h a u s e n  e t  a l .  [ 3 1 ]  u s i n g  t h e  d i e l e c t r i c  t h e o r y  
o f  t h e  c h e m i c a l  b o n d  d e v e l o p e d  b y  V a n  V e c h t e n  [ 3 2 , 3 3 ] .  I t  i s  w o r t h  m e n t i o n i n g
-  1 7  -
'a b le  2 _ 1  P r e s s u re  e o e n ie ie n ts  o f  e o n d u e t io n  b a n d  e x t r e m a  in  s o m e  d ia m o n d  
a n d  y.iue b lo n d e  t y p e  s im u e o u d u e t o r s , r e la t iv e  to  th e  v a le n c e  b a n d  
m a x im u m  ( x  I O'"1’ o V /b a r ) .
d / ; r /d /j 1 AY/tl/j (1 h\  'd /i
C o m p o u n d  —
E x p . T h o o r. E x p . 'I'lie o r. E x p . 'I'lie o r.
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Pressure ( khnr )
F I G .  2 - Lf B a n d s  m o v e m e n t  w i t h  p r e s s u r e  i n  t h e  
s e m i c o n d u c t o r s  S i  , G e  & G a S b  .
t h a t  t h e  l a t t e r  c a l c u l a t i o n s  i n c l u d e  a n  a d j u s t a b l e  p a r a m e t e r  w h i c h  a c c o u n t s  
f o r  c o n t r i b u t i o n s  t o  e n e r g y  s t a t e s  f r o m  d - t y p e  o r b i t a l s .
W i t h  t h e  e m p i r i c a l  r u l e  r e a s o n a b l y  e s t a b l i s h e d ,  i t  i s  p o s s i b l e  t o  
k n o w  f r o m  p r e s s u r e  e x p e r i m e n t s  w h i c h  c o n d u c t i o n  b a n d  m i n i m a  i s  l o w e s t ,  
s i m p l y  b y  o b s e r v i n g  i t s  p r e s s u r e  c o e f f i c i e n t .  I t  i s  f o r t u n a t e  t h a t  m o s t  
I I I - V  c o m p o u n d s  h a v e  t h e  m i n i m u m  l o w e s t  i n  e n e r g y ,  w i t h  a  l a r g e  p o s i t i v e  
c o e f f i c i e n t .  T h i s  m a k e s  i t  p o s s i b l e  t o  c a r r y  o u t  s t u d i e s  w h e r e  a  l a r g e  
c o n d u c t i o n  b a n d  e n e r g y  r a n g e  c a n  b e  s c a n n e d ,  b y  o b s e r v i n g  t h e  i n t e r e s t i n g  
e f f e c t s  o f  b a n d  c r o s s - o v e r  a n d  t h e  c o n s e q u e n c e s  o f  e l e c t r o n  t r a n s f e r  t o  
o t h e r  m i n i m a  a s  t h e y  b e c o m e  l o w e r  i n  e n e r g y  t h a n  t h e  n o r m a l l y  l o w e s t  I t y c  
m i n i m u m .  T h e  b a n d  c r o s s - o v e r  a s  o b s e r v e d  i n  Ga  S b ,  a l l o w s  w i t h  c a r e f u l  
i n t e r p r e t a t i o n  a  d e t e r m i n a t i o n  o f  t h e  n e x t  h i g h e s t  e x t r e m a ,  t h e i r  s y m m e t r y ,  
a n d  t h e  s u b - b a n d  e n e r g y  g a p s .  E x p e r i m e n t s  w i t h  e l e c t r o n s  i n  s p e c i f i c  
m i n i m a  d i f f e r e n t  f r o m  t h o s e  n o r m a l l y  o b s e r v e d  a t  a t m o s p h e r i c  p r e s s u r e  
e n a b l e s  b a s i c  c o m p a r i s o n  f o r  s c a t t e r i n g  a n d  b a n d  s t r u c t u r e  t h e o r i e s .  A l s o ,  
w e  n o t e  t h a t  p r e s s u r e  c a n  c h a n g e  t h e  b a n d  s t r u c t u r e  o v e r  a  w i d e r  e n e r g y  
r a n g e  t h a n  a n y  a v a i l a b l e  t e m p e r a t u r e  e x p e r i m e n t s  e . g .  t h e  F ^ c  m i n i m u m  m o v e s  
hi 5  lcT i n  1 0  k - b a r s  a t  3 0 0 ° K ,  a n d  a  p r e s s u r e  o f  1 0 0  k - b a r s  i m p l i e s  a  F ^ c  
e n e r g y  s h i f t  o f  'v 1 e V .
2 , 5 . 2  E f f e c t  o f  p r e s s u r e  o n  e l e c t r o n  t r a n s p o r t
T h e  c o n d u c t i v i t y  o f  a  s e m i c o n d u c t o r  w i l l ,  i n  g e n e r a l ,  b e  a f f e c t e d  b y  
p r e s s u r e  i f  e i t h e r  t h e  p r o p e r t i e s  o f  t h e  b a n d  m i n i m u m  n o r m a l l y  o c c u p i e d  b y  
t h e  c h a r g e  c a r r i e r s  c h a n g e  o r  t h e  c a r r i e r s  t r a n s f e r  t o  a n o t h e r  e n e r g y  s t a t e .
A s  a n  e x a m p l e  o f  t h e  f o r m e r ,  t h e  e f f e c t i v e  m a s s  w i l l  c h a n g e  w i t h  
p r e s s u r e  d u e  t o  t h e  c h a n g e  i n  e n e r g y  g a p .  T h e  c h a n g e  i n  e f f e c t i v e  m a s s  
w i t h  p r e s s u r e  c a n  b e  c a l c u l a t e d  f r o m  t h e  k . £  t h e o r y .  S u c h  c a l c u l a t i o n s
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a r e  e x p l a i n e d  i n  d e t a i l  i n  C h a p t e r  5 .  I n  g e n e r a l ,  a n  i n c r e a s e  i n  
e n e r g y  g a p  w i t h  p r e s s u r e ,  w i l l  c a u s e  a n  i n c r e a s e  i n  t h e  e f f e c t i v e  m a s s ,
a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  E i f  E >> A . T h i s  w i l l  c a u s e  a  d e c r e a s e
, *“  3/2 8 . . 
m  m o b i l i t y ,  ( y  fe m f o r  p o l a r  o p t i c a l  s c a t t e r i n g ) , a n d  h e n c e  a
d e c r e a s e  i n  c o n d u c t i v i t y ,  a ,  s i n c e  a  =  n e y .
T h e  r e l a t i v e  p o s i t i o n s  o f  t w o  b a n d  m i n i m a  m a y  c h a n g e  u n d e r  p r e s s u r e  
a n d  a f f e c t  t h e  d i s t r i b u t i o n  o f  e l e c t r o n s  a m o n g  t h e  b a n d s  a n d  a n y  i m p u r i t y  
s t a t e s .  T h e  n u m b e r  o f  e l e c t r o n s  i n  e a c h  m i n i m u m ,  i ,  i s  g i v e n  b y  
F e r m i - D i r a c  s t a t i s t i c s ,
n .  -  N .  F !  i  l  i
■Ef-Ep
k T ( 2 . 8)
w h e r e  F t i s  a  F e r m i - D i r a c  i n t e g r a l ,  N j  i s  t h e  e f f e c t i v e  d e n s i t y  o f  s t a t e s  
g i v e n  b y :
N .  =  2l
2 fnTukT'\
h 2
( 2 . 9 )
T’s
a n d  n u  t h e  d e n s i t y  o f  s t a t e s  e f f e c t i v e  m a s s .  I f  E ^ ,  t h e  F e r m i  e n e r g y  
i s  w e l l  b e l o w  E ^  t h e n  e q u a t i o n s  ( 2 . 8)  f o r  t w o  s t a t e s  c a n  b e  a p p r o x i m a t e d
b y :
n 2 N2 AE
+  = + e X p - k T  ( 2 ' 10>
w h e r e  a n d  N 2 a r e  t h e  d e n s i t i e s  o f  s t a t e s  i n  s t a t e s  1 a n d  2 ,  a n d  AE 
i s  t h e  s e p a r a t i o n  b e t w e e n  t h e m .  I f  t h e  c o n d u c t i v i t y  i n  s t a t e  1 i s  g i v e n  
b y  c j  =  n ^ e y ^ ,  a n d  i n  s t a t e  2 b y  ~  n 2e l l 2 , t ^lG t o t a ^ c o n d u c t i v i t y  
a  =  e ( n 1y 1 +  n 2y 2 ) w i l l  c h a n g e  w i t h  p r e s s u r e  a s  t h e  r e l a t i v e  p o p u l a t i o n s  
o f  t h e  s t a t e s  c h a n g e .
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A l s o  t h e  c a r r i e r  c o n c e n t r a t i o n  m a y  b e  c o n t r o l l e d  b y  a  d e e p  
i m p u r i t y  l e v e l  f o r  w h i c h  U =  0 .  I f  t h e  l e v e l  s t a y s  f i x e d  r e l a t i v e  t o  
t h e  v a l e n c e  b a n d  a n d  t h e  c o n d u c t i o n  b a n d  m i n i m u m  m o v e s  a w a y  w i t h  a p p l i e d  
p r e s s u r e ,  e l e c t r o n s  w i l l  " t r a p o u t "  t o  t h e  i m p u r i t y  l e v e l  a n d  t h e  
c o n d u c t i v i t y  w i l l  d e c r e a s e .
2 . 6  E f f e c t s  o f  A l l o y i n g
2 , 6 , 1  E f f e c t  o f  a l l o y i n g  o n  b a n d  s t r u c t u r e
W h e n  t w o  s e m i c o n d u c t o r s  o f  t h e  s a m e  t y p e  o f  c r y s t a l  a n d  c h e m i c a l  
f o r m u l a  a r e  m i x e d  t o g e t h e r ,  t h e  r e s u l t i n g  a l l o y  c r y s t a l  e x h i b i t  l a t t i c e  
p e r i o d i c i t y  l i k e  t h a t  o f  e i t h e r  c o m p o n e n t  o f  t h e  a l l o y  s y s t e m ,  a n d  
t h e r e  i s  o r d e r  i n  t h e  s e n s e  t h a t  e a c h  r e g u l a r  l a t t i c e  s i t e  i s  o c c u p i e d  
b y  a n  a t o m ,  b u t  t h e  t w o  s p e c i e s  o f  a t o m s  m a y  b e  d i s t r i b u t e d  o v e r  t h e  
s i t e s  i n  a  d i s o r d e r e d ,  r a n d o m  m a n n e r .  E x p e r i m e n t s  h a v e  i n d i c a t e d  t h a t  
s u c h  m i x e d  c r y s t a l s  h a v e  w e l l  d e f i n e d  b a n d  s t r u c t u r e s  i n  w h i c h  t h e  
e n e r g y  g a p s  a n d  o t h e r  b a n d  s t r u c t u r e s  v a r y  c o n t i n u o u s l y  w i t h  c o m p o s i t i o n  
b e t w e e n  t h e i r  v a l u e s  i n  t h e  p u r e  m a t e r i a l s .  S p e c i f i c  e f f e c t s  d u e  t o  t h e  
l a t t i c e  d i s o r d e r ,  s u c h  a s ,  f o r  e x a m p l e ,  s p r e a d i n g  o f  b a n d  e d g e s  o r  t a i l i n g  
o f  s t a t e s  i n t o  t h e  f o r b i d d e n  g a p ,  a p p e a r  t o  b e  n e g l i g i b l e  [ 3 4 ] .  M i x e d  
c r y s t a l s  c a n  t h e r e f o r e  b e  t r e a t e d  s i m p l y  a s  a d d i t i o n a l  s e m i c o n d u c t o r s  
i n  w h i c h  t h e  e n e r g y  b a n d  p a r a m e t e r s  a r e  v a r i a b l e  w i t h  c o m p o s i t i o n  
r a t h e r  t h a n  f i x e d  a s  i n  t h e  o r d i n a r y  e l e m e n t a l  o r  c o m p o u n d  s e m i c o n d u c t o r s .
M i x e d  c r y s t a l s  a r e  i m p o r t a n t  b o t h  s c i e n t i f i c a l l y  a n d  t e c h n o l o g i c a l l y .  
T h e y  p r o v i d e  a  m e a n s  o f  s t u d y i n g  t h e  b a n d  s t r u c t u r e s  o f  t h e  c o m p o n e n t s  o f  
t h e  a l l o y  s y s t e m ,  t h e  v a r i a t i o n  o f  p a r a m e t e r s  w i t h  c o m p o s i t i o n  c a n  i m p l y  
w h a t  t h e  b a n d  s t r u c t u r e s  o f  t h e  c o m p o n e n t  s e m i c o n d u c t o r s  m u s t  b e .  T h e y  
a r e  o f  c o n s i d e r a b l e  i n t e r e s t  f o r  t e c h n o l o g i c a l  u s e s ,  s i n c e  t h e y  a r e
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e s s e n t i a l l y  d e n s i g n a b l e  m a t e r i a l s  i n  w h i c h  b a n d  g a p s  a n d  o t h e r  p a r a ­
m e t e r s  c a n  b e  a d j u s t e d  f o r  a  p a r t i c u l a r  a p p l i c a t i o n  b y  c o n t r o l l i n g  
t h e  a l l o y  c o m p o s i t i o n .  F o r  e x a m p l e ,  i n f r a r e d  d e t e c t o r s  a n d  i n j e c t i o n  
l a s e r s  c a n  b e  m a d e  o f  m i x e d  c r y s t a l s  a n d  t h e r e b y  d e s i g n e d  t o  o p e r a t e  
i n  s p e c i f i e d  w a v e  l e n g t h  r a n g e s .  D e t e r m i n a t i o n  o f  t h e  o p t i m u m  
c o m p o s i t i o n  o f  a n  a l l o y  t o  s u i t e  a  p a r t i c u l a r  a p p l i c a t i o n  c a n  b e  
l e n g t h y  a n d  c o s t l y  s i n c e  c r y s t a l s  h a v e  t o  b e  g r o w n  a t  d i f f e r e n t  
c o m p o s i t i o n s  a c r o s s  t h e  a l l o y .  I f  p r e s s u r e  c a n  b e  e q u a t e d  t o  
c o m p o s i t i o n  t h e n  i t  m a y  b e  p o s s i b l e  t o  c a r r y  o u t  p r e s s u r e  e x p e r i m e n t s  
o n  a  m i n i m u m  n u m b e r  o f  c o m p o s i t i o n s  a n d  e f f e c t i v e l y  t r a v e r s e  t h e  
e n t i r e  a l l o y ,  t h e r e b y  r e d u c i n g  t h e  c o s t  c o n s i d e r a b l y .  A l s o  
m e a s u r e m e n t s  a r e  m a d e  o n  t h e  s a m e  s a m p l e  w i t h  t h e  s a m e  i m p u r i t y  a n d  
d e f e c t  c o m p o s i t i o n .
T h e r e  a r e  s e v e r a l  r e f e r e n c e s  w h i c h  p r o v i d e  u s e f u l  i n f o r m a t i o n  
o n  t h e  s u b j e c t  o f  m i x e d  c r y s t a l s .  T h e y  i n c l u d e  t h e  e a r l y  r e v i e w  o f  
s e m i c o n d u c t o r  a l l o y s  b y  H e r m a n  e t  a l . ,  [ 3 5 ]  t h e  r e v i e w  a r t i c l e s  b y  
E h r e n r e i c h  [ 1 9 ]  a n d  b y  L o n g  [ 3 6 ]  d e s c r i b i n g  t h e  e n e r g y  b a n d s  i n  t h e  
I I I - V  c o m p o u n d s ,  a n d  t h e  b o o k s  o n  I I I - V  c o m p o u n d s  b y  M a d e l u n g  [ 4 ] ,  a n d  
W i l a r d s o n  a n d  B e e r  [ 3 7 ] .
2 . 6 . 2  E f f e c t  o f  a l l o y i n g  o n  e l e c t r o n  t r a n s p o r t
T h e  c o n d u c t i v i t y  c h a n g e s  a c r o s s  a n  a l l o y  d u e  t o  t h e  c h a n g e  i n  
m o b i l i t y  w h i c h  o c c u r s  m a i n l y  d u e  t o  t h e  c h a n g e  i n  e f f e c t i v e  m a s s  w i t h  
c o m p o s i t i o n .  I I I t V m i x e d  c r y s t a l s  e x h i b i t  a n  a d d i t i o n a l  " a l l o y  s c a t t e r i n g "  
p r o c e s s  w h i c h  d o e s  n o t  e x i s t  i n  t h e  p u r e  c o m p o u n d s .  T h i s  a r i s e s  f r o m  
t h e  r a n d o m  a r r a n g e m e n t  o f  t h e  a l l o y  c o n s t i t u e n t  a t o m s  B a n d  C a m o n g  t h e  
A  a t o m s  w h e r e  t h e  t e r n a r y  c o m p o s i t i o n  i s  o f  t h e  f o r m  A B ,  C . T h e
J. X X
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r a n d o m  a r r a n g e m e n t  o f  a t o m s  g i v e s  t h e  c r y s t a l  p o t e n t i a l  a  r a n d o m  
c o m p o n e n t  l e a d i n g  t o  a l l o y  s c a t t e r i n g .  T h e  l a r g e s t  c o n t r i b u t i o n  o f  
t h i s  s c a t t e r i n g  m e c h a n i s m  i s  t h e r e f o r e  e x p e c t e d  t o  b e  a r o u n d  x  = 0 . 5 .
E h r e n r e i c h  [ 3 8 ]  a n d  T h o m p s o n  e t  a l .  [ 3 9 ]  i n d i c a t e d  t h a t  i n  t h e
I n  As . ,  P s y s t e m ,  a l l o y  s c a t t e r i n g  d o e s  n o t  a p p e a r  t o  p l a y  a
1"“ X X
d o m i n a n t  p a r t  i n  d e t e r m i n i n g  t h e  m o b i l i t y  o f  t h e s e  a l l o y s .
L a t t i c e  m i s m a t c h  b e t w e e n  t h e  e p i t a x i a l  l a y e r  o f  t h e  a l l o y  a n d  t h e
s u b s t r a t e  l e a d s  t o  d i s l o c a t i o n s  w h i c h  m a y  c o n t r i b u t e  t o  t h e  m o b i l i t y .
I n  t h e  I n  A s . ,  P  a l l o y s  i n v e s t i g a t e d  i n  t h i s  w o r k ,  t h e  e p i t a x i a l
l - x  X
l a y e r s  w e r e  g r o w n  o n  I n P  s e m i - i n s u l a t i n g  s u b s t r a t e s ,  a n d  t h e r e f o r e  
l a t t i c e  m i s m a t c h  i s  l a r g e s t  a t  t h e  I n  A s  e n d .  I f  d i s l o c a t i o n  s c a t t e r i n g  
p l a y s  a n y  r o l e  i n  d e t e r m i n i n g  t h e  m o b i l i t y ,  i t s  c o n t r i b u t i o n  w o u l d  
t h e r e f o r e  b e  e x p e c t e d  t o  b e  l a r g e s t  i n  t h e  a r s e n i c  r i c h  a l l o y s .
T h e  v a r i a t i o n  o f  b a n d  s t r u c t u r e ; a n d  t r a n s p o r t  p a r a m e t e r s  a c r o s s  
t h e  I n  P x  a l l o y s  a r e  d i s c u s s e d  i n  s o m e  d e t a i l  i n  C h a p t e r  5 .
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C H A P T E R  3 
E F F E C T S  O F  H I G H  E L E C T R I C  F I E L D S
3 . I  G e n e r a l  D i s c u s s i o n
I n  t h e  a b s e n c e  o f  a n  e l e c t r i c  f i e l d ,  t h e  e l e c t r o n  g a s  i s  i n  
e q u i l i b r i u m  w i t h  t h e  l a t t i c e  t h r o u g h  e l e c t r o n - p h o n o n  c o l l i s i o n s ,  a n d  
i t s  a v e r a g e  e n e r g y  o r  t e m p e r a t u r e  i s  g i v e n  b y  t h e  a m b i e n t  t e m p e r a t u r e  
T .  W h e n  a n  e l e c t r i c  f i e l d  i s  a p p l i e d ,  t h e  e n e r g y  i n p u t  i n t o  t h e  
e l e c t r o n  g a s  i s  i n c r e a s e d  s o  t h a t  i t s  t e m p e r a t u r e  r i s e s  u n t i l  a  n e w  
e q u i l i b r i u m  i s  e s t a b l i s h e d  b y  e l e c t r o n - p h o n o n  i n t e r a c t i o n .  T h i s  n e w  
e q u i l i b r i u m  c a n  b e  d e s c r i b e d  b y  a n  e f f e c t i v e  e l e c t r o n  t e m p e r a t u r e  T g , 
g i v e n  b y  t h e  e n e r g y  b a l a n c e  c o n d i t i o n  t h a t  t h e  r a t e  a t  w h i c h  t h e  
e l e c t r o n s  g a i n  e n e r g y  f r o m  t h e  f i e l d  i s  e q u a l  t o  t h a t  a t  w h i c h  t h e y  
l o s e  i t  t o  t h e  l a t t i c e .  A s  t h e  f i e l d  i s  i n c r e a s e d ,  e q u i l i b r i u m  c o n t i n u e s  
t o  b e  e s t a b l i s h e d  b y  e l e c t r o n - p h o n o n  i n t e r a c t i o n  a n d  t h e  a v e r a g e  e l e c t r o n  
e n e r g y  i n c r e a s e s  a c c o r d i n g l y .  H o w e v e r ,  a  c r i t i c a l  f i e l d  i s  e v e n t u a l l y  
r e a c h e d  b e y o n d  w h i c h  t h e  e l e c t r o n s  g a i n  e n e r g y  f r o m  t h e  f i e l d  f a s t e r  
t h a n  t h e y  c a n  l o s e  i t  t o  t h e  l a t t i c e ,  a n d  e l e c t r o n - p h o n o n  i n t e r a c t i o n s  
a r e  n o  l o n g e r  a b l e  t o  s u s t a i n  e q u i l i b r i u m .  T h i s  s i t u a t i o n  l e a d s  t o  a  
b r e a k d o w n  o f  t h e  f u n d a m e n t a l  e n e r g y  d i s s i p a t i n g  m e c h a n i s m ,  a n d  t h e  
e l e c t r o n s  e x p e r i e n c e  a  s t e a d y  a c c e l e r a t i o n  t o  h i g h e r  e n e r g i e s .  T h e  
i n c r e a s e  i n  e l e c t r o n  e n e r g y  w i l l  c o n t i n u e  u n t i l  a  n e w  m e c h a n i s m  e m e r g e s  
t o  m a i n t a i n  t h e  e n e r g y  b a l a n c e .  E i t h e r  i m p a c t  i o n i z a t i o n  o r  e l e c t r o n  
t r a n s f e r  c o u l d  p r o v i d e  s u c h  a n  e n e r g y  l o s s  m e c h a n i s m  f o r  s u s t a i n i n g  t h e  
r e q u i r e d  b a l a n c e .  T h e  b a n d  s t r u c t u r e  w i l l  g e n e r a l l y  d e t e r m i n e  w h i c h  o f  
t h e  t w o  m e c h a n i s m s  i s  f a v o u r a b l e .  I t  i s  i m p o r t a n t  t o  e m p h a s i s e  t h a t  t h e  
b r e a k d o w n  f i e l d  d o e s  n o t  d e f i n e  a  c a t a s t r o p h i c  r u n a w a y  c o n d i t i o n ,  r a t h e r ,
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t h e  d i s t r i b u t i o n  f u n c t i o n  i s  a f f e c t e d  b y  t h e  o n s e t  o f  e i t h e r  i o n i z i n g  
c o l l i s i o n s  i n  t h e  c a s e  o f  i m p a c t  i o n i z a t i o n  o r  i n t e r v a l l e y  s c a t t e r i n g  
i n  t h e  c a s e  o f  e l e c t r o n  t r a n s f e r ,  s o  t h a t  t h e  t r e a t m e n t  a p p r o p r i a t e  
a t  l o w e r  f i e l d s  w h e r e  o n l y  p h o n o n  c o l l i s i o n s  i n  t h e  a p p r o p r i a t e  v a l l e y  
h a v e  t o  b e  c o n s i d e r e d ,  i s  n o  l o n g e r  v a l i d .  I n  o t h e r  w o r d s  t h e r e  w i l l  
b e  a  s t e a d y  s t a t e  d i s t r i b u t i o n  f u n c t i o n  e v e n  i n  t h e  p r e s e n c e  o f  
i m p a c t  i o n i z a t i o n .  F o r  t h i s  r e a s o n  w e  p r e f e r r e d  t o  u s e  t h e  t e r m  
i m p a c t  i o n i z a t i o n  r a t h e r  t h a n  a v a l a n c h e  b r e a k d o w n ,  s i n c e  t h e  l a t t e r  
c o u l d  b e  m i s l e a d i n g .
3 . 2  I m p a c t  I o n i z a t i o n
W h e n  t h e  e l e c t r o n s  a c h i e v e  s u f f i c i e n t  e n e r g i e s  t h e y  m a y  e x c i t e  
o t h e r  e l e c t r o n s  a c r o s s  t h e  f u n d a m e n t a l  e n e r g y  g a p  b y  i m p a c t  i o n i z a t i o n .
I n  t h i s  p r o c e s s  a n  e n e r g e t i c  e l e c t r o n  l o s e s  a  c o n s i d e r a b l e  f r a c t i o n  o f  
i t s  k i n e t i c  e n e r g y  t o  a  v a l a n c e  e l e c t r o n ,  t h e r e b y  r a i s i n g  t h e  l a t t e r
t o  t h e  c o n d u c t i o n  b a n d  a n d  l e a v i n g  a  f r e e  h o l e  i n  t h e  v a l a n c e  b a n d .  T h u s
o n e  e l e c t r o n  c r e a t e s  t w o  a d d i t i o n a l  c h a r g e  c a r r i e r s .  O b v i o u s l y ,  f o r  
i m p a c t  i o n i z a t i o n  t o  o c c u r  d u e  t o  a  s i n g l e  h o t  e l e c t r o n ,  i t  m u s t  b e  
a c c e l e r a t e d  t o  a n  e n e r g y  E .  a t  l e a s t  e q u a l  t o  t h e  e n e r g y  g a p  E a n d  
p r o b a b l y  g r e a t e r  w h e n  t h e  n e e d  f o r  s i m u l t a n e o u s  c o n s e r v a t i o n  o f  e n e r g y  
a n d  m o m e n t u m  i n  t h e  c o l l i s i o n  p r o c e s s  i s  t a k e n  i n t o  a c c o u n t .  T h e  
t h r e s h o l d  e n e r g y  E ^  n e e d  n o t  b e  s h a r p l y  d e f i n e d  s i n c e  h i g h e r  o r d e r  
p r o c e s s e s  a r e  p o s s i b l e  i n  p r i n c i p l e  [ 4 0 ]  i n  w h i c h  f o r  e x a m p l e ,  t w o  h o t  
e l e c t r o n s  c o o p e r a t e  i n  c r e a t i n g  a n  e l e c t r o n - h o l e  p a i r ,  a  f o r m  o f  A u g e r  
p r o c e s s .  C l e a r l y ,  t h e  t w o  e l e c t r o n s  c a n  h a v e  e n e r g i e s  c o n s i d e r a b l y  
l e s s  t h a n  E ^  i f  t h e i r  c o m b i n e d  e n e r g y  i s  a v a i l a b l e .  T h u s  E ^  c a n n o t  
b e  r e g a r d e d  a s  a  s h a r p l y  d e f i n e d  q u a n t i t y  b u t  r a t h e r  a s  a  r e p r e s e n t a t i v e
p a r a m e t e r  i n  t h e  t h e o r y  o f  t h e  i o n i z a t i o n  r a t e .
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T h e  i m p a c t  i o n i z a t i o n  c a n  b e  d e s c r i b e d  s i m p l y  a s  s h o w n  s c h e m a t i c a l l y  
i n  F i g .  ( 3 . 1 ) ,  A  h o t  e l e c t r o n  w i t h  e n e r g y  E ^  a n d  m o m e n t u m  k j  m a k e s  
a  t r a n s i t i o n  t o  t h e  s t a t e  E  ,  lc^ w h i l e  p r o m o t i n g  a n  e l e c t r o n  i n  t h e  
v a l a n c e  b a n d  E 3 , k 3 t o  t h e  c o n d u c t i o n  b a n d  E ^ ,  k 2 . A n d e r s o n  a n d  
C r o w e l l  [ 4 1 ]  h a v e  s h o w n  t h a t  t h e  t h r e s h o l d  c o n d i t i o n  o c c u r s  w h e n :
Vk ( E 1 ( k ) )  =  Vk ( E 2 ( k ) )  =  Vk ( E 3 ( k ) )
a n d  E ^ ( k )  ■« E 1 ( k 1 )  +  . E 2 ( l t 2 ) +  E 3 ( k 3 )  ( 3 . 1 )
a n d  k j  =  lc^ +  k 2 “  k 3
T h a t  i s ,  a  n e c e s s a r y  c o n d i t i o n  f o r  a n  i m p a c t  i o n i z a t i o n  t r a n s i t i o n  a t  
t h r e s h o l d  i s  t h a t  t h e  g r o u p  v e l o c i t i e s  o f  t h e  t h r e e  f i n a l  p a r t i c l e s  
b e  e q u a l ,  a n d  e n e r g y  a n d  m o m e n t u m  b e  c o n s e r v e d .  F o r  a  p a r a b o l i c  b a n d  
s t r u c t u r e  t h e  s o l u t i o n  o f  e q u a t i o n  ( 3 . 1 )  g i v e s  [ 4 2 ] :
E i  =  E
e l e c t r o n
m
1  + c* ft 
m +m 
c  v
( 3 . 2 )
w h i c h  i n d i c a t e s  t h a t  t h e  t h r e s h o l d  e n e r g y  d e p e n d s  p r i n c i p a l l y  o n  t h e  
f u n d a m e n t a l  e n e r g y  g a p .
I n  a d d i t i o n  t o  e l e c t r o n - p h o n o n  c o l l i s i o n s  a n d  i m p a c t  i o n i z i n g  
c o l l i s i o n s  t h e  e l e c t r o n s  m a y  a l s o  s u f f e r  c o l l i s i o n s  w i t h  o t h e r  e l e c t r o n s  
w h e r e  b o t h  e n e r g y  a n d  m o m e n t u m  a r e  e x c h a n g e d .  C l e a r l y *  t h e  f r e q u e n c y  o f  
s u c h  c o l l i s i o n s  d e p e n d s  o n  t h e  e l e c t r o n  d e n s i t y .  B y  e q u a t i n g  t h e  r a t e  
o f  e n e r g y  l o s s  d u e  t o  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n  t o  t h a t  d u e  t o  
i n t e r a c t i o n  w i t h  p o l a r  o p t i c a l  m o d e s  a t  p r e b r e a k d o w n  f i e l d s ,  S t r a t t o n  [ 4 3 ]
E
n
e
rg
y
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W a v e  v e c t o r , k
FI G .  3 - 1  S c h e m a t i c  r e p r e s e n t a t i o n  o f  i m p a c t  i o n i z a t i o n  .
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w a s  a b l e  t o  e s t i m a t e  a  c r i t i c a l  e l e c t r o n  d e n s i t y  n ^  g i v e n  b y :
( 3 . 3 )
( 3 . 4 )
a n d  a Q i s  t h e  B o h r  r a d i u s .
n .  i s  a  s i g n i f i c a n t  p a r a m e t e r  s i n c e  i t  i n d i c a t e s  t h e  e l e c t r o n  d e n s i t y
a b o v e  w h i c h  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  w i l l  d o m i n a t e  o v e r  p o l a r  
o p t i c a l  i n t e r a c t i o n s  i n  c o n t r o l l i n g  t h e  e n e r g y  d i s t r i b u t i o n  o f  e l e c t r o n s .  
I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  i n  t h e  d e r i v a t i o n  o f  n ^ ,  t h e  r a t e  o f  e n e r g y
r e p r e s e n t  t h e  r e a l  s i t u a t i o n  a t  r o o m  t e m p e r a t u r e .  H o w e v e r  i t  i s  c l e a r  
t h a t  a t  r o o m  t e m p e r a t u r e  p o l a r  o p t i c a l  i n t e r a c t i o n  v / i l l  b e  w e a k e r  t h a n  
a t  h i g h e r  t e m p e r a t u r e s  a n d  t h e r e f o r e  n ^  w i l l  g i v e  a n  o v e r e s t i m a t e  o f  t h e  
a c t u a l  c r i t i c a l  d e n s i t y ,  i s  o f  t h e  o r d e r  o f  1 0 16c m“ 3 ( u s i n g  p a r a m e t e r s
a p p r o p r i a t e  t o  I n  A s ) .
T w o  t h e o r i e s  t o  t h e  p r o b l e m  o f  i m p a c t  i o n i z a t i o n  h a v e  b e e n  d e v e l o p e d  
d e p e n d i n g  o n  w h e t h e r  t h e  e l e c t r o n  d e n s i t y  i s  g r e a t e r  o r  l e s s  t h a n  n ^ .
1 )  n  > n ^ ; , I n  t h i s  r e g i m e  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  e l e c t r o n s  
i s  a s s u m e d  t o  b e  a  d i s p l a c e d  M a x w e l l i a n  a n d  e l e c t r o n  i n t e r a c t i o n  i s  
s u f f i c i e n t l y  f r e q u e n t  t o  r a n d o m i z e  t h e  v e l o c i t y  d i s t r i b u t i o n .  S t r a t t o n  
[ 4 4 , 4 5 ] ,  h a s  g i v e n  a  d e t a i l e d  t h e o r e t i c a l  s t u d y  o f  t h i s  c a s e ,  a n d  f o u n d  
t h a t  t h e  p o l a r  b r e a k d o w n  f i e l d  F c  i s  p r o p o r t i o n a l  t o  a  c r i t i c a l  f i e l d  F Q 
w h e r e  F Q i s  g i v e n  b y  r e l a t i o n  ( 3 . 4 ) .  T h e  f a c t o r  o f  p r o p o r t i o n a l i t y  i s  a
e l e c t r o n  a n d  l a t t i c e  t e m p e r a t u r e s  r e s p e c t i v e l y ,  a n d  i t s  v a l u e  h a s  b e e n
l o s s  t o  p o l a r  m o d e s  w a s  a s s u m e d  a t  k T  »  w h i c h  o f  c o u r s e  d o e s  n o t
c o m p l e x  f u n c t i o n w h e r e  T  a n d  T a r e  t h e  
e
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i n v e s t i g a t e d  b y  S t r a t t o n  i n  t h e  t w o  l i m i t i n g  c a s e s ,  <<: 1 a n ^  
Yq >> l > F o r  Y(J << 1 ,
F  “  F  
c  0 3ir
Jin 2 D
Yv o '-1
(3 .5 )
w h e r e  J in  D i s  a  p u r e  n u m b e r  o f  a b o u t  u n i t y ,  F o r  Y q >:> 1>
F c  -  0 . 5  F q ( 3 . 6 )
C l e a r l y  a t  r o o m  t e m p e r a t u r e  t h e  f a c t o r  o f  p r o p o r t i o n a l i t y  w o u l d  
l i e  s o m e w h e r e  b e t w e e n  t h e s e  t w o  l i m i t i n g  v a l u e s .  I t  i s  i m p o r t a n t  t o  
n o t i c e  t h a t  t h e  c r i t i c a l  f i e l d  F ^  d e p e n d s  o n  t h e  b a n d s  t r u e t u r e  t h r o u g h
sV
i t s  d e p e n d e n c e  o n  m .
2 )  n  < n ^ , .  T h i s  r e g i m e  h a s  b e e n  t r e a t e d  b y  s e v e r a l  a u t h o r s  
[ 4 6 - > - 4 9 ]  u n d e r  t h e  a s s u m p t i o n  t h a t  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n  c a n  b e  
i g n o r e d  a n d  o n l y  o p t i c a l  p h o n o n  c o l l i s i o n s  a n d  i o n i z i n g  c o l l i s i o n s  a r e  
c o n s i d e r e d .
W i t h  t h e s e  a s s u m p t i o n s ,  M o l l  e t  a l .  [ 4 8 ]  h a v e  d e r i v e d  a n  e x p r e s s i o n  
f o r  t h e  i o n i z a t i o n  r a t e  a ,  t h e  a v e r a g e  n u m b e r  o f  i o n i z i n g  c o l l i s i o n s  
e x p e r i e n c e d  b y  a  s i n g l e  e l e c t r o n  i n  t r a v e l l i n g  a  u n i t  d i s t a n c e  i n  t h e  
d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d .
E .
a 'v exp ] -  - i
( 3 . 7 )
( e X RF ) 2 
w h e r e  E  =  — ==--------
3 e r
A ^  i s  t h e  m e a n  f r e e  p a t h  f o r  o p t i c a l  p h o n o n  s c a t t e r i n g ,  i s  t h e  o p t i c a l  
p h o n o n  e n e r g y ,  a n d  F  i s  t h e  e l e c t r i c a l  f i e l d .  T h u s  t h e  i o n i z a t i o n  r a t e
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h a s  a n  e x p  ---------  d e p e n d e n c e  o n  t h e  e l e c t r i c  f i e l d .  I n  t h i s  t h e o r y ,  h o w e v e r ,
F 2
t h e  e l e c t r o n  g a s  c a n  b e  d e s c r i b e d  b y  a n  e f f e c t i v e  t e m p e r a t u r e  o r  e n e r g y  
w h i c h  i s  n o t  n e g l i g i b l e  c o m p a r e d  w i t h  E j ,  a n d  t h e r e f o r e  t h e  a b o v e  
e x p r e s s i o n  i s  s t r i c t l y  a p p l i c a b l e  a t  h i g h  f i e l d s .  A t  l o w  f i e l d s ,  o n  
t h e  o t h e r  h a n d ,  t h e  e f f e c t i v e  e l e c t r o n  e n e r g y  i s  s o  s m a l l  c o m p a r e d  t o  
E j  t h a t  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  e l e c t r o n  p o p u l a t i o n  w h i c h  a r e  
f o r t u n a t e  e n o u g h  t o  e s c a p e  a n y  p h o n o n  c o l l i s i o n s  w h i l e  b e i n g  a c c e l e r a t e d  
w i l l  b e  a b l e  t o  a c h i e v e  t h e  e n e r g y  E j  a n d  d o  t h e  i m p a c t  i o n i z a t i o n .  T h i s  
i n t e r p r e t a t i o n  o f  l o w  f i e l d  i o n i z a t i o n  w a s  f i r s t  g i v e n  i n  d e t a i l  b y  
S h o c k l e y  [ 4 7 ]  w h o  d e r i v e d  t h e  f o l l o w i n g  i o n i z a t i o n  r a t e ,
E 
T E R
a = I 7 eT  exp
E .i
( 3 . 8 )
w h e r e ,  E =  e A_ , F K
A j  i s  t h e  m e a n  f r e e  p a t h  f o r  i o n i z a t i o n .  I n  t h i s  c a s e  w e  o b s e r v e  t h a t
_1
F
1  .
t h e  e x p o n e n t i a l  d e p e n d e n c e  i s  u p o n  -=r i . e . ,  w e a k e r  d e p e n d e n c e  c o m p a r e d
w i t h  t h e  h i g h  f i e l d  c a s e .
I m p a c t  i o n i z a t i o n  c a n  b e  o b s e r v e d  i n  b u l k  m a t e r i a l s  s u c h  a s  I n  S b
a n d  I n  A s  w h e r e  t h e  f u n d a m e n t a l  e n e r g y  g a p  i s  s u f f i c i e n t l y  s m a l l e r  t h a n  t h e
s u b b a n d  g a p .  I n  t h e s e  c o m p o u n d s  E i s  s m a l l ,  s o  t h a t  t h e  t h r e s h o l d
8
f i e l d s  f o r  i o n i z a t i o n  a r e  r e l a t i v e l y  l o w ,  o f  t h e  o r d e r  o f  f e w  h u n d r e d  
v o l t s  p e r  c m  f o r  I n  S b  a n d  fe 1 k V / c m  f o r  I n  A s .  M o s t  e x p e r i m e n t a l  s t u d i e s  
o f  i m p a c t  i o n i z a t i o n  o n  o t h e r  m a t e r i a l s  h a v e  b e e n  c o n f i n e d  t o  p ~ n  
j u n c t i o n s  u n d e r  r e v e r s e  b i a s  c o n d i t i o n s ,  a s  t h e s e  o f f e r e d  a  c o n v e n i e n t  
m e a n s  o f  a c h i e v i n g  t h e  h i g h  f i e l d  s t r e n g t h  n e c e s s a r y  f o r  t h e  e f f e c t .
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W h e n  i m p a c t  i o n i z a t i o n  o c c u r s  a t  t h e  c r i t i c a l  f i e l d ,  t h e  n u m b e r  
o f  e l e c t r o n s  i n  t h e  c o n d u c t i o n  b a n d  b e g i n s  t o  i n c r e a s e  r a p i d l y  a n d ,  
a l t h o u g h  t h e  e l e c t r o n  v e l o c i t y  m a y  n o t  b e  i n c r e a s i n g ,  t h e  c u r r e n t  i n  
t h e  e x p e r i m e n t l y  o b s e r v e d  I - V  c h a r a c t e r i s t i c  w i l l  s h o w  a  m a r k e d  
i n c r e a s e .
3 . 3  E l e c t r o n  T r a n s f e r  ( G u n n  E f f e c t )
T h e  G u n n  e f f e c t  w a s  d i s c o v e r e d  b y  J . B .  G u n n  [ 5 0 ]  i n  1 9 6 3  w h e n  h e  
o b s e r v e d  t h a t  m i c r o w a v e  o s c i l l a t i o n s  w e r e  p r o d u c e d  w h e n  h i g h  e l e c t r i c  
f i e l d s  w e r e  a p p l i e d  t o  n - t y p e  G a A s . S i m i l a r  o b s e r v a t i o n  w a s  a l s o  
r e p o r t e d  b y  G u n n  [5 .1  ] o n  I n P .  T h e  m e c h a n i s m  r e s p o n s i b l e  f o r  t h e s e  
o s c i l l a t i o n s  w a s  s u b s e q u e n t l y  c o n f i r m e d  t o  b e  t h e  t r a n s f e r r e d  e l e c t r o n  
e f f e c t  p r o p o s e d  e a r l i e r  b y  R i d l e y  a n d  W a t k i n s  [ 5 2 ] ,  a n d  H i l s u m  [ 5 3 ] .
T h e  G u n n  e f f e c t  h a s  b e e n  t h e  s u b j e c t  o f  m a n y  b o o k s  a n d  r e v i e w s [ 5 4 - r f > 6 ] , 
a n d  w e  p r e s e n t  h e r e  a  s i m p l e  p i c t u r e  o f  i t s  m a i n  f e a t u r e s  w h i c h  m a y  b e  
u n d e r s t o o d  b y  c o n s i d e r a t i o n  o f  t h e  b a n d  s t r u c t u r e  o f  I n P ,  w h i c h  i s  
s h o w n  s c h e m a t i c a l l y  i n  F i g .  ( 3 . 2 ) .
T h e  T i c  v a l l e y  w h i c h  i s  s i t u a t e d  a t  t h e  c e n t r e  o f  t h e  B r i l l o u i i i  
z o n e  a n d  i s  n o r m a l l y  o c c u p i e d  b y  t h e  c o n d u c t i o n  e l e c t r o n s ,  h a s  a n  e f f e c t i v e  
m a s s  o f  . 0 7 8  m Q [ 5 7 ] .  O t h e r  s u b s i d i a r y  m i n i m a ,  o c c u r r i n g  a t  h i g h e r  
e n e r g i e s  a l o n g  t h e  < 1 1 1 > a n d  < 100> d i r e c t i o n s ,  h a v e  h i g h e r  e f f e c t i v e  m a s s e s ,  
e . g .  0 . 4  m Q [ 5 8 ]  f o r  a n  L - v a l l e y .  U n d e r  t h e  i n f l u e n c e  o f  a  h i g h  e l e c t r i c  
f i e l d ,  t h e  e l e c t r o n s  i n  t h e  v a l l e y ,  w h i c h  h a v e  a  h i g h  m o b i l i t y ,  a r e  
a c c e l e r a t e d  a n d  g a i n  e n e r g y  f r o m  t h e  f i e l d .  A t  s u f f i c i e n t l y  h i g h  f i e l d s ,  
s o m e  e l e c t r o n s  w i l l  a c q u i r e  e n e r g i e s  g r e a t e r  t h a n  t h e  s u b b a n d  e n e r g y  g a p ,  
a n d  t r a n s f e r  t o  t h e  h i g h e r  v a l l e y s .  I n  t h e s e  h i g h e r  s t a t e s ,  t h e  e l e c t r o n s  
m o v e  w i t h  a  m u c h  l o w e r  m o b i l i t y .  W h e n  s u f f i c i e n t  n u m b e r  o f  e l e c t r o n s  i s
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F I G . 3 - 2  S c h e m a t i c  d i a g r a m  o f  I n P  b a n d  s t r u c t u r e
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t r a n s f e r r e d ,  t h e  a v e r a g e  e l e c t r o n  m o b i l i t y  w i l l  t e n d  t o  d e c r e a s e  w i t h  
i n c r e a s i n g  e l e c t r i c  f i e l d  d u e  t o  t h e  s u b s e q u e n t  i n c r e a s e  i n  t h e  
p o p u l a t i o n  o f  t h e  u p p e r  v a l l e y s .  H e n c e  a  n e g a t i v e  d i f f e r e n t i a l  m o b i l i t y  
(NDM) r e s u l t s  a n d  m i c r o w a v e  o s c i l l a t i o n s  a r e  g e n e r a t e d .  T h e  t h r e s h o l d  
f i e l d  F , j  f o r  t h e  o n s e t  o f  G u n n  o s c i l l a t i o n s ,  i s  d e f i n e d  a s  t h e  f i e l d  
b e y o n d  w h i c h  t h e  a v e r a g e  v e l o c i t y  o f  t h e  e l e c t r o n s  d e c r e a s e s  w i t h  
i n c r e a s i n g  e l e c t r i c  f i e l d .  T h e  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  o f  t h e  G u n n  
e f f e c t  i s  s h o w n  i n  F i g .  ( 3 . 3 ) .
I n  t h e  NDM r e g i o n  i . e .  a b o v e  t h r e s h o l d ,  t h e  c u r r e n t  f l o w i n g  t h r o u g h  
a  G u n n  d i o d e  b e c o m e s  u n s t a b l e  d u e  t o  t h e  f o r m a t i o n  o f  h i g h  f i e l d  d o m a i n s .
A b a s i c  u n d e r s t a n d i n g  o f  d o m a i n  f o r m a t i o n  c a n  b e  o b t a i n e d  f r o m  a  c o n s i d e ­
r a t i o n  o f  F i g , ( 3 . 4 ) .  I n  t h e  r e g i o n  o f  NDM a n y  l o c a l  f i e l d  i n h o m o g e n e i t y ,  
d u e  t o  a  r a n d o m  f l u c t u a t i o n  i n  c a r r i e r  d e n s i t y ,  F i g .  ( 3 . 4 )  a  a n d  b ,  w i l l  
g r o w  r a t h e r  t h a n  d e c a y .  T h i s  i s  b e c a u s e  e l e c t r o n s  i n  t h i s  r e g i o n  t r a v e l  
m o r e  s l o w l y  t h a n  t h o s e  e n t e r i n g  o r  l e a v i n g  i t ,  F i g .  ( 3 . 4 )  c .  T h e  l e a d i n g
e d g e  o f  t h e  r e g i o n  b e c o m e s  d e p l e t e d  a n d  a n  a c c u m u l a t i o n  f o r m s  b e h i n d  i t
a s  s h o w n  i n  F i g .  ( 3 . 4 ) . d ,  a n d  t h e  r e s u l t i n g  f i e l d  p r o f i l e  w i l l  a s s u m e  t h e
f o r m  s h o w n  i n  F i g .  ( 3 . 4 ) e .  I f  t h e  v o l t a g e  a c r o s s  t h e  d i o d e  i s  k e p t
c o n s t a n t ,  t h e  f i e l d  a n d  h e n c e  t h e  d r i f t  v e l o c i t y  o f  t h e  e l e c t r o n s  o u t s i d e  
t h e  d o m a i n  w i l l  d e c r e a s e .  T h e  d o m a i n  c e a s e s  t o  g r p w  a n d  b e c o m e s  s t a b l e  
w h e n  i t s  v e l o c i t y  b e c o m e s  e q u a l  t o  t h e  v e l o c i t y  o f  t h e  e l e c t r o n s  o u t s i d e  
t h e  d o m a i n  s i n c e ,  o n l y  t h e n  t h e  n u m b e r  o f  t h e  e l e c t r o n s  e n t e r i n g  t h e  
d o m a i n  w i l l  b e  e q u a l  t o  t h e  n u m b e r  o f  e l e c t r o n s  l e a v i n g  i t .  T h e  p e a k  f i e l d  
i n s i d e  a  s t a b l e  d o m a i n ,  F ^ ,  c a n  b e  r e l a t e d  t o  t h e  f i e l d  o u t s i d e  t h e  d o m a i n ,  
F  ,  b y  t h e  e q u a l  a r e a  r u l e  [ 5 9 ] ,  i l l u s t r a t e d  i n  F i g . ( 3 . 3 ) .  H e n c e ,  w h e n  a  
d o m a i n  i s  f o r m e d ,  t h e  c u r r e n t  f l o w i n g  t h r o u g h  t h e  d i o d e  w i l l  d e c r e a s e  t o  
a  v a l u e  g i v e n  b y  J  =  n e v ^ .  T h e  d o m a i n  t r a v e l s  a c r o s s  t h e  d i o d e  a s  i t  f o r m s
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F I G .  3 - 3  v - F  c h a r a c t e r i s t i c s  o f  e l e c t r o n s  i n  I n P  , s h o w i n g  
t h e  G u n n  e f f e c t  .
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a n d  d e c a y s  a s  i t  r e a c h e s  t h e  a n o d e .  T h e  d i s a p p e a r a n c e  o f  t h e  d o m a i n  
a t  t h e  a n o d e  c a u s e s  t h e  c u r r e n t  t o  r i s e  q u i c k l y .  S i m u l t a n e o u s l y ,  a n o t h e r  
d o m a i n  i s  n u c l e a t e d  n e a r  t h e  c a t h o d e  a n d  t h e  p r o c e s s  i s  r e p e a t e d .  T h e  d i o d e  
c u r r e n t  t h u s  o s c i l l a t e s  b e t w e e n  t w o  v a l u e s ,  a n d  t h e  f r e q u e n c y  o f  o s c i l l a t i o n  
i s  d e t e r m i n e d  b y  t h e  t r a n s i t - t i m e  i . e .  t h e  t i m e  t a k e n  b y  t h e  d o m a i n  t o  
t r a v e l  t h r o u g h  t h e  a c t i v e  l e n g t h  o f  t h e  d i o d e .  A t y p i c a l  d o m a i n  v e l o c i t y  
i s  % 1 0 7c m / s  a n d  f o r  a  d i o d e  w i t h  a c t i v e  l e n g t h  o f  10 y m ,  t h e  f r e q u e n c y  
o f  c u r r e n t  o s c i l l a t i o n s  w i l l  b e  ro 1 0  GH z  w h i c h  f a l l s  i n  t h e  m i c r o w a v e  
r e g i o n .
F o r  t h e  o b s e r v a t i o n  o f  t h e  G u n n  e f f e c t  u n d e r  n o r m a l  c o n d i t i o n s ,  t h e
s u b b a n d  g a p  AE s h o u l d  b e  s m a l l e r  t h a n  E , o t h e r w i s e  i m p a c t  i o n i z a t i o n  w i l l
8
o c c u r  b e f o r e  i n t e r v a l l e y  t r a n s f e r  c a n  t a k e  p l a c e .  T h i s  r e q u i r e m e n t  i s  
s a t i s f i e d  i n  b o t h  I n P  a n d  G a A s . C d T e  a n d  Z n S e  a r e  o t h e r  b i n a r y  c o m p o u n d s  
i n  w h i c h  t h e  G u n n  e f f e c t  h a s  b e e n  o b s e r v e d .  T h e  t w o  l a t t e r  m a t e r i a l s  a r e  
a p p a r e n t l y  u n a t t r a c t i v e  b e c a u s e  o f  t h e i r  r a t h e r  h i g h  t h r e s h o l d  f i e l d s  a n d  
l o w  p e a k  v e l o c i t i e s ,  b u t  I n P  h a s  b e e n  s t u d i e d  w i t h  c o n s i d e r a b l e  i n t e r e s t  
a n d  i s  b e i n g  u s e d  c u r r e n t l y  f o r  t h e  p r o d u c t i o n  o f  m i c r o w a v e  d e v i c e s .
I n  I n P  t h e  L - v a l l e y s  l i e  a b o u t  0 . 2  e V  b e l o w  t h e  X - v a l l e y s ,  a n d  
H i l s u m  a n d  R e e s  [ 6 0 , 6 1 ]  s u g g e s t e d  t h a t ,  b y  a n a l o g y  w i t h  t h e  k n o w n  F - L  
c o u p l i n g  c o n s t a n t  i n  G e  o f  2  x  1 0 7e V / c m  [ 6 2 ] ,  t h e  c o u p l i n g  t o  t h e  L - v a l l e y s  
w o u l d  b e  w e a k e r  t h a n  t o  t h e  X - v a l l e y s  a n d  t h a t  a l l  t h r e e  s e t s  o f  v a l l e y s  
w o u l d  b e  i n v o l v e d  i n  t h e  t r a n s f e r  p r o c e s s .  T h i s ,  t h e y  p r e d i c t e d ,  w o u l d  
l e a d  t o  a  l a r g e  NDM a n d  p e a k  t o  v a l l e y  r a t i o  a n d  h e n c e  h i g h e r  e f f i c i e n c i e s .  
T h i s  " 3 - l e v e l "  m o d e l  h a s  b e e n  t h e  s u b j e c t  o f  c o n s i d e r a b l e  c o n t r o v e r s y  s i n c e  
t h e  o r i g i n a l  c a l c u l a t i o n s  w e r e  p e r f o r m e d .  S e v e r a l  m e a s u r e m e n t s  [ 6 3 + 6 5 ]  h a v e  
s i n c e  i n d i c a t e d  t h a t  I n P  w a s  a c t i n g  a s  a  2 - l e v e l  o s c i l l a t o r  w i t h  s t r o n g  
c o u p l i n g  t o  t h e  L - v a l l e y s .  T h e r e  i s  a l s o  u n c e r t a i n t y  i n  t h e  t h r e s h o l d  
f i e l d  o f  I n P ,  m e a s u r e m e n t s . r a n g i n g  f r o m  6 t o  1 5  k V  cm""1 , b u t  F a w c e t t  a n d
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a n d  H e r b e r t  [ 6 6 ] ,  u s i n g  a  2 - l e v e l  P - L  m o d e l ,  c a l c u l a t e d  F^, t o  b e  1 0  k V  c m ” 1 . 
T h e  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  a s  c a l c u l a t e d  b y  t h e  3 - l e v e l  [ 6 1 ]  a n d
2 - l e v e l  [ 6 6 ] m o d e l s  a r e  c o m p a r e d  i n  F i g .  ( 3 . 5 ) ,  w h i c h  i l l u s t r a t e s  t h e  
i m p o r t a n c e  o f  t h e  v a l u e s  o f  t h e  c o u p l i n g  c o n s t a n t s .  I n  t h e  3 - l e v e l  
c a s e ,  t h e  p e a k  v e l o c i t y  d r o p s  s h a r p l y  a t  t h r e s h o l d  s i n c e  t r a n s f e r  t a k e s  
p l a c e  r a p i d l y  t o  t h e  L - v a l l e y s . T h e  i n c r e a s e  i n  v e l o c i t y  b e y o n d  t h e  v a l l e y  
v e l o c i t y ,  s h o w n  i n  t h e  3 - l e v e l  m o d e l ,  i s  d u e  t o  e l e c t r o n  t r a n s f e r  f r o m  L  
t o  X a n d  f r o m  X t o  Y a s  a  r e s u l t  o f  s t r o n g  c o u p l i n g  b e t w e e n  t h e s e  v a l l e y s .
T h e  G u n n  e f f e c t  c a n  a l s o  b e  o b s e r v e d  i n  m a t e r i a l s  f o r m e d  b y  a l l o y i n g
t w o  b i n a r y  c o m p o u n d s  i n  s u i t a b l e  p r o p o r t i o n s  t o  p r o d u c e  t h e  r e q u i r e d  b a n d
s t r u c t u r e .  T h e  I n  A s ,  P  a l l o y s  p r o v i d e  a n  e x a m p l e  o f  t h i s  t y p e  o f  w o r k ,
.L "”X X
o t h e r  e x a m p l e s  a r e  a l s o  d e m o n s t r a t e d  i n  t h e  G a  I n ,  S b  a n d  I n  G a ,  A s
x  I - x  x  1 - x
a l l o y s .  I n  t h e  G a  I n  S b  s y s t e m ,  F i g .  ( 3 . 6 )  i n t e r e s t  l i e s  i n  t h o s e  c o m p o u n d s
w h i c h  h a v e  E l a r g e  e n o u g h  t o  p r e v e n t  i m p a c t  i o n i z a t i o n  b e f o r e  t r a n s f e r  
S
a n d  a  s u b b a n d  g a p  l a r g e  e n o u g h  t o  p r e v e n t  t h e r m a l  p o p u l a t i o n  o f  t h e  u p p e r
v a l l e y s .  S i m i l a r l y  i n  t h e  I n ^  G a j _ x  A s  s y s t e m ,  a  s m a l l  a m o u n t  o f  I n  A s
w o u l d  r e d u c e  E a n d  h e n c e  t h e  e f f e c t i v e  m a s s  a n d  a l s o  w o u l d  i n c r e a s e  t h e  
g
s u b b a n d  g a p  i n  r e l a t i o n  t o  G a A s . T h i s  m a t e r i a l  w o u l d  t h e r e f o r e  b e  e x p e c t e d  
t o  h a v e  a  h i g h e r  p e a k  v e l o c i t y  t h a n  G a A s  w h i c h  s h o u l d  l e a d  t o  h i g h e r  p e a l c -  
t o - v a l l e y  r a t i o  a n d  h i g h e r  e f f i c i e n c y .  T h e  G u n n  e f f e c t  h a s  a l s o  b e e n  
o b s e r v e d  i n  I n S b  a n d  I n  A s  [ 6 7 ]  b y  u s e  o f  p r e s s u r e  t o  m o d i f y  t h e  b a n d  
s t r u c t u r e .
C a l c u l a t i o n  o f  t h e  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  i n  t h e  G u n n  r e g i m e  
h a s  b e e n  a t t e m p t e d  b y  t h e o r i s t s  u s i n g  d i f f e r e n t  t e c h n i q u e s ,  o f  w h i c h ,  t h e  
M o n t e  C a r l o  h a s  p r o v e d  t o  b e  t h e  m o s t  r e l i a b l e .  A b r i e f  d i s c u s s i o n  o f  
t h e  t h e o r y  i s  g i v e n  i n  t h e  f o l l o w i n g  c h a p t e r .
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ELECTRIC FIELD (kV c r r i "1)
F I G U R E  3 - 5  C a l c u l a t e d  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c s
f o r  I n  P .
-  39 -
-Q
00
X
□
o
u
-Q
CO
O
o
JD
n
10c
o
(AS) QNV9 3DN33VA Oi 3AI1V133 A933N3
F
IG
U
R
E
 
3-
6 
E
ff
e
c
t 
of
 
a
llo
yi
n
g
 
In
Sb
 
an
d 
G
a
S
b
-  40  -
C H A P T E R  4
COMPUTER S I M U L A T I O N  OF THE GUNN E F F E C T
4 .  1 I n t r o d u c t i o n
E a r l y  c a l c u l a t i o n  o f  t h e  h i g h  f i e l d  t r a n s p o r t  p r o p e r t i e s  o f  G a A s  
h a v e  b e e n  m a d e  b y  a t t e m p t i n g  t o  s o l v e  t h e  c o u p l e d  B o l t z m a n  e q u a t i o n s  f o r  
t h e  d i s t r i b u t i o n  f u n c t i o n s  i n  t h e  ( 000 )  a n d  h i g h e r  m i n i m a  o f  t h e  
c o n d u c t i o n  b a n d ,  a n d  a p p r o x i m a t i o n s  [ 6 8 - + 7 0 ]  h a d  t o  b e  m a d e  t o  e n a b l e  
a n a l y t i c a l  s o l u t i o n  o f  t h e  c o m p l i c a t e d  i n t e g r o d i f f e r e n t i a l  e q u a t i o n s .  
T h e s e  a p p r o x i m a t i o n s ,  a l t h o u g h  a l l o w i n g  a  s o l u t i o n  o f  t h e  B o l t z m a n  
e q u a t i o n s ,  t h e y  w e r e  n o t  v a l i d  s i n c e  t h e y  d o  n o t  c o r r e s p o n d  t o  t h e  
a c t u a l  p h y s i c a l  c o n d i t i o n s  a n d  g a v e  q u i t e  d i f f e r e n t  r e s u l t s  f r o m  o n e  
a n o t h e r .  N o n e  o f  t h e s e  m e t h o d s  c a n  b e  r e g a r d e d  a s  r e l i a b l e  t h r o u g h o u t  
t h e  e n t i r e  r a n g e  o f  d o p i n g  d e n s i t i e s  a n d  e l e c t r i c  f i e l d  s t r e n g t h s  o f  
i n t e r e s t .  E x a c t  s o l u t i o n  o f  t h e  B o l t z m a n  e q u a t i o n  w a s  t h e n  a t t e m p t e d  b y  
n u m e r i c a l  m e t h o d s  [ 7 1 ] •  T w o  t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d ,  n a m e l y  t h e  
" i t e r a t i v e "  a n d  " M o n t e - C a r l o "  t e c h n i q u e s .  B o t h  a l l o w  t h e  e x a c t  s o l u t i o n  
o f  t h e  B o l t z m a n  e q u a t i o n  e v e n  w h e n  c o m p l e x  b a n d  s t r u c t u r e s  a n d  s c a t t e r i n g  
m e c h a n i s m s  a r e  i n c l u d e d .  T h e  i t e r a t i v e  m e t h o d  i s  d i s c u s s e d  i n  s o m e  
d e t a i l  b y  R e e s  [ 7 2 ] .  T h e  M o n t e - C a r l o  m e t h o d  w a s  f i r s t  a p p l i e d  b y  
K u r o s a w a  [ 7 3 ]  t o  t h e  e v a l u a t i o n  o f  f r e e  c a r r i e r  d i s t r i b u t i o n  f u n c t i o n s  
i n  s e m i c o n d u c t o r s ,  a n d  w a s  l a t e r  a d o p t e d  b y  F a w c e t t  e t  a l .  [ 7 4 ]  f o r  t h e  
c a l c u l a t i o n  o f  h i g h  f i e l d  t r a n s p o r t  p r o p e r t i e s  o f  G a A s .  I t  h a s  s i n c e  
b e e n  w i d e l y  u s e d  b y  m a n y  r e s e a r c h e r s  i n  t h e  f i e l d ,  a n d  i s  n o w  w e l l  
e s t a b l i s h e d  a s  t h e  m o s t  p o w e r f u l  t e c h n i q u e  u s e d  f o r  t h e  e v a l u a t i o n  o f
-  41 -
n o n - e q u i l i b r i u m  c a r r i e r  d i s t r i b u t i o n s  a n d  h o t  e l e c t r o n  p r o p e r t i e s  i n
w o r k  f o r  t h e  c a l c u l a t i o n  o f  t h e  v e l o c i t y  f i e l d  c h a r a c t e r i s t i c  a t  
v a r i o u s  c o m p o s i t i o n s  o f  t h e  I n  A s  P a l l o y s .  T h e  p r o g r a m  u s e d  w a s  
s u p p l i e d  b y  W.  F a w c e t t  a n d  P . J .  V i n s o n ,  a n d  h a s  b e e n  d e s c r i b e d  i n
c o n c e p t s  a r e  p r e s e n t e d  h e r e .
4 . 2  T h e  M o n t e - C a r l o  T e c h n i q u e
T h e  M o n t e - C a r l o  m e t h o d  u t i l i z e s  t h e  f a c t  t h a t  t h e  c l a s s i c a l  
t r a j e c t o r y  o f  o n e  f r e e  e l e c t r o n  i n  k - s p a c e  i s  a  s o l u t i o n  o f  t h e  
B o l t z m a n  e q u a t i o n .  A s  s u c h ,  t h e  m e t h o d  c o m p r i s e s  a  c o m p u t e r  s i m u l a t i o n  
o f  t h e  m o t i o n  o f  a  s i n g l e  e l e c t r o n  i n  m o m e n t u m  s p a c e  a s  i t  u n d e r g o e s  
a l t e r n a t e  a c c e l e r a t i o n  b y  t h e  a p p l i e d  e l e c t r i c  f i e l d  a n d  s c a t t e r i n g  
b y  l a t t i c e  p h o n o n s  a n d  i m p u r i t i e s ,  t h e  p r o c e s s  c o n t i n u e s  u n t i l  t h e  
a v e r a g e  e n e r g y  o f  t h e  e l e c t r o n  r e a c h e s  a  s t e a d y  v a l u e .  T h i s  i s  d o n e  
i n  t h e  f o l l o w i n g  w a y ;
F i r s t ,  l e t  u s  a s s u m e  t h a t  t h e r e  a r e  N s c a t t e r i n g  p r o c e s s e s  a n d  t h a t  t h e  
s c a t t e r i n g  p r o b a b i l i t y  o f  p r o c e s s  q  i s  A ^ ( k ) .  T h e  p r o b a b i l i t y  t h a t  a n  
e l e c t r o n  w i l l  b e  s c a t t e r e d  a t  a l l  w i l l  b e  d e t e r m i n e d  b y  t h e  t o t a l  
p r o b a b i l i t y
N
X ( k )  =  I  X ( k )  ( 4 ,
q =0 q
a n d  t h e  p r o b a b i l i t y  t h a t  t h e  e l e c t r o n  w i l l  d r i f t  f o r  a  t i m e  t  w i l l  b e
s e m i c o n d u c t o r s  [ 7 5 , 7 6 ] .  T h e  M o n t e - C a r l o  t e c h n i q u e  w a s  a d o p t e d  i n  t h i s
c o n s i d e r a b l e  d e t a i l  e l s e w h e r e  [ 7 4 ] ,  F o r  t h i s  r e a s o n  o n l y  t h e  b a s i c
g i v e n  b y :
t
P ( t )
P ( t )  h o w e v e r ,  c o u l d  b e  o n l y  e v a l u a t e d  b y  i n t r o d u c i n g  a  f i c t i t i o u s  
s e l f  s c a t t e r i n g  p r o c e s s  w h i c h  h a s  a  p r o b a b i l i t y  =  AQ ( k ) S ( k  -  k * ) .
T h e  p r o c e s s  i s  i n s t a n t a n e o u s  a n d  b e c a u s e  o f  t h e  p r o p e r t y  o f  t h e  d e l t a  
f u n c t i o n ,  i t  d o e s  n o t  c h a n g e  t h e  e l e c t r o n  m o m e n t u m .  I t  i s  t h e r e f o r e ,  
o f  n o  p h y s i c a l  s i g n i f i c a n c e ,  a n d  AQ ( k )  m a y  h a v e  a n y  a r b i t r a r y  v a l u e .
We m a y  c h o o s e  t h i s  s u c h  t h a t  [ X ^ ( k )  +  A ( k ) ]  i s  e q u a l  t o  a  c o n s t a n t  P ,  
a n d  h e n c e  P ( t )  r e d u c e s  t o  t h e  e a s i l y  e v a l u a b l e  f o r m :
P ( t )  =  r e “ r t  ( 4 . 2 )
N
w h e r e ,  r  =  £  A ( l c )
q =0 q
L e t  u s  n o w  a s s u m e  a n  e l e c t r o n  i n  s o m e  i n i t i a l  s t a t e  i n  I c - s p a c e  
w i t h  a r b i t r a r y  v a l u e s  o f  m o m e n t u m  a n d  e n e r g y  k Q & E s a y ,  a t  t i m e  t  ~  0 , 
t h a t  u p o n  t h e  a p p l i c a t i o n  o f  a n  e l e c t r i c  f i e l d  I? ,  t h e  e l e c t r o n  i s  g o i n g  t o  
d r i f t  f o r  a  t i m e  t ,  a n d  t h e n  s c a t t e r e d  b y  a n y  o n e  o f  N e x i s t i n g  s c a t t e r i n g  
p r o c e s s e s  a n d  t h a t  t h i s  s e q u e n c e  o f  a l t e r n a t e  d r i f t i n g  a n d  s c a t t e r i n g  w i l l  
c o n t i n u e  u n t i l  t h e  e l e c t r o n  e n e r g y  r e a c h e s  a  s t a b l e  v a l u e .  N o w  w e  w i s h  
t o  k n o w :
a )  t h e  t i m e  t  r e q u i r e d  f o r  t e r m i n a t i n g  t h e  d r i f t ,
b )  w h i c h  o f  t h e  s c a t t e r i n g  p r o c e s s  w i l l  o p e r a t e  o n  t h e  e l e c t r o n ,
c )  t h e  f i n a l  l c - s t a t e  t o  w h i c h  t h e  e l e c t r o n  i s  s c a t t e r e d .
F i r s t ,  t  i s  d e t e r m i n e d  b y  g e n e r a t i n g  a  r a n d o m  n u m b e r  0  < r  < 1 
w i t h  e q u a l  p r o b a b i l i t y  s u c h  a s  P ( r )  =  1 a n d  t h e n  l e t t i n g
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t  =  •— & n ( l  -* r )  ( 4 . 3 )
t  i s  t h u s  d e t e r m i n e d  a n d  t h e  e l e c t r o n  s t a t e  a t  t h i s  t i m e  i s  k n o w n  f r o m  
t h e  r e l a t i o n :
e F
k ( t )  =  k ( t Q) +  ( t  -  t Q) ( 4 . 4 )
N o w  a  s c a t t e r i n g  p r o c e s s  h a s  t o  b e  s e l e c t e d .  We k n o w  t h a t
N
I  U k) = r ’
q =0 4
a n d  t h e r e f o r e  b y  g e n e r a t i n g  a  r a n d o m  n u m b e r  0  < S < r  a n d  c h e c k i n g  t h e  
i n e q u a l i t y  
m
S < I  X (k) ,
q =0 1
f o r  a l l  v a l u e s  o f  m ,  t h e  m ^ 1 s c a t t e r i n g  p r o c e s s  f o r  w h i c h  t h i s  i n e q u a l i t y  
i s  s a t i s f i e d ,  i s  c h o s e n .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  ( 4 . 1 ) .  A t  t h i s  
s t a g e ,  t h e  f i n a l  e l e c t r o n  e n e r g y  i s  d e t e r m i n e d  f r o m  t h e  i n e q u a l i t y ,  a n d  
t h e  c o r r e s p o n d i n g  m a g n i t u d e  o f  t h e  k - v e c t o r  i s  c a l c u l a t e d  f r o m  t h e  a s s u m e d  
b a n d  s t r u c t u r e  E - k  r e l a t i o n .  A n d  a s s u m i n g  t h e  d i s t r i b u t i o n  f u n c t i o n  h a s  
c y l i n d r i c a l  s y m m e t r y  a b o u t  t h e  f i e l d  d i r e c t i o n ,  i t  o n l y  r e m a i n s  t o  
d e t e r m i n e  t h e  a n g l e  " 6 "  o f  t h e  l c - v e c t o r  r e l a t i v e  t o  t h e  d i r e c t i o n  o f  t h e  
e l e c t r i c  f i e l d .  F o r  a c o u s t i c  s c a t t e r i n g  i n  t h e  u p p e r  v a l l e y s  a n d  a l l  
i n t e r v a l l e y  s c a t t e r i n g  p r o c e s s e s ,  t h i s  i s  d o n e  b y  g e n e r a t i n g  a  r a n d o m  
n u m b e r  0 < ft < 1 , a n d  c a l c u l a t i n g  0 f r o m ,  t h e  r e l a t i o n :
ft = 2  (1 “  c o s  6)  ( 4 . 5 )
-  4 4  -
X. X
n
r
s  < £  \ ( k )
S e l e c t i o n  o f  a  s c a t t e r i n g  p r o c e s s  .
r —  x
r ~  l L ~ X
L X
H i s t o g r a m s  i n  ( k  , k  )  s p a c e  f o r  t h e  , L a n d  X v a l l e y s  
z  p
s h o w i n g  d r i f t  a n d  s c a t t a r i n g  i n  a n d  b e t w e e n  v a l l e y s  .
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T h e  f i n a l  k  s t a t e  i s  t h u s  g i v e n  b y  i t s  c o m p o n e n t s  k ^  a n d  k  a l o n g  a n d
p a r a l l e l  t o  t h e  e l e c t r i c  f i e l d :
lc =  ! k I  c o s  0 a n d  lc =  I k !  s i n  0 ( 4 . 6 )
z  1—1 p  —
F o r  p o l a r  a n d  a c o u s t i c  s c a t t e r i n g  i n  t h e  T - v a l l e y  a n d  p o l a r  s c a t t e r i n g  
i n  t h e  u p p e r  v a l l e y s ,  t h e  d e t e r m i n a t i o n  o f  t h e  f i n a l  s t a t e  i s  m o r e  
c o m p l i c a t e d  d u e  t o  t h e  a n g u l a r  d e p e n d e n c e  o f  t h e  s c a t t e r i n g  p r o b a b i l i t y .  
D i s c u s s i o n  o f  t h e  p r o c e d u r e  i n  t h i s  c a s e  i s  g i v e n  i n  R e f .  [ 7 4 ] .
T h e  p r o c e s s  o f  e l e c t r o n  d r i f t i n g  a n d  s c a t t e r i n g  i s  t h e n  r e p e a t e d  
u n t i l  t h e  e l e c t r o n  e n e r g y  r e a c h e s  a  s t a b l e  v a l u e .  I n  o u r  w o r k ,  t h e  
e l e c t r o n  w a s  a l l o x < r e d  t o  g o  t h r o u g h  a  t o t a l  o f  'v 4 0 , 0 0 0  s c a t t e r i n g  e v e n t s ,
h o w e v e r ,  o n l y  1 0 ,0 0 0  o u t  o f  t h e s e  a r e  r e a l  s c a t t e r i n g s  w h i l e  t h e  r e m a i n i n g
e v e n t s  a r e  c a u s e d  b y  s e l f  s c a t t e r i n g .  T h i s  t e n d s  t o  i n d i c a t e  t h a t  o n l y  
ro 2 5 %  o f  t h e  c o n s u m e d  c o m p u t e r  t i m e  i s  o f  p h y s i c a l  s i g n i f i c a n c e .
T h e  M o n t e - C a r l o  P r o g r a m  e m p l o y e d  i n  t h i s  w o r k  i s  s i m i l a r  t o  t h a t
d e s c r i b e d  b y  F a w c e t t  e t  a l .  [ 7 4 ] ,  b u t  w a s  m o d i f i e d  b y  F a w c e t t  t o  i n c l u d e  
i m p u r i t y  s c a t t e r i n g  a n d  t w o  s e t s  o f  s a t e l l i t e  m i n i m a ,  n a m e l y  t h e  L a n d  
X m i n i m a  a s  o p p o s e d  t o  t h e  e a r l i e r  t w o - l e v e l  p r o g r a m .
T h e  a c t u a l  n u m e r i c a l  c a l c u l a t i o n  i s  d o n e  b y  s e t t i n g  u p  t h r e e
s e p a r a t e  h i s t o g r a m s  i n  ( lc ,  k  )  s p a c e ,  o n e  f o r  e a c h  o f  t h e  T ,  L  a n d  X
z  p
v a l l e y s ,  F i g .  ( 4 . 2 ) .  T h e  e l e c t r o n  s w i t c h e s  f r o m  o n e  v a l l e y  t o  t h e  o t h e r  
w h e n  i n t e r v a l l e y  s c a t t e r i n g  t a k e s  p l a c e .  C o u n t s  p r o p o r t i o n a l  t o  t h e  t i m e  
t h e  e l e c t r o n  s p e n d s  i n  e a c h  c e l l  o f  t h e  h i s t o g r a m s  a r e  t h e n  r e c o r d e d  
d u r i n g  t h e  c o u r s e  o f  t h e  f r e e  f l i g h t s  i n  t h e  e l e c t r i c  f i e l d .  T h e  r a t i o  
o f  t h e  t i m e s  t h a t  t h e  e l e c t r o n  s p e n d s  i n  t h e  t h r e e  h i s t o g r a m s  i s  e q u a l  
t o  t h e  r a t i o  o f  e l e c t r o n  p o p u l a t i o n  i n  t h e  t h r e e  v a l l e y s .  T h e  t i m e  t h a t
-  46 -
t h e  e l e c t r o n  s p e n d s  i n  a  p a r t i c u l a r  c e l l  i s  p r o p o r t i o n a l  t o  t h e  
d i s t r i b u t i o n  f u n c t i o n  " C ( k ) n a t  t h i s  p o i n t  i n  ( k z , l c ^ )  s p a c e .  A n d  
t h e  d r i f t  v e l o c i t y  V j  i n  t h e  j ^  v a l l e y  i s  g i v e n  b y :
EEf - E .
V j  =  f t  E k f - k .  =  E F T ?  E E f  “  E i  ^
J f  l  i
w h e r e  t h e  s u b s c r i p t s  i  a n d  f  i n d i c a t e  t h e  i n i t i a l  a n d  f i n a l  c o m p o n e n t s  o f  
e a c h  f r e e  f l i g h t ,  a n d  t h e  s u m m a t i o n  i s  o v e r  a l l  e l e c t r o n  f r e e  f l i g h t s .
A n d  T j  i s  t h e  t o t a l  t i m e  w h i c h  t h e  e l e c t r o n  s p e n d s  i n  t h e  j ^  v a l l e y .
4 . 3  I n p u t  P a r a m e t e r s  t o  t h e  M o n t e - C a r l o  P r o g r a m
F r o m  t h e  e a r l i e r  d i s c u s s i o n ,  i t  i s  c l e a r  t h a t  t h e  d i s t r i b u t i o n  
f u n c t i o n  a n d  h i g h  f i e l d  t r a n s p o r t  p a r a m e t e r s  c a n  b e  e v a l u a t e d  o n c e  t h e  
s c a t t e r i n g  r a t e s  a n d  t h e  f o r m  o f  b a n d  s t r u c t u r e  h a v e  b e e n  s p e c i f i e d .  I n  
t h e  f o l l o w i n g ,  w e  s h a l l  d i s c u s s  t h e  a s s u m e d  f o r m  o f  b a n d - s t r u c t u r e  a s  
w e l l  a s  t h e  v a r i o u s  s c a t t e r i n g  p r o c e s s e s  w h i c h  h a v e  b e e n  i n c l u d e d  i n  
t h i s  p r o g r a m .  We s h a l l  t h e n  p o i n t  o u t  t h e  d i f f e r e n t  m a t e r i a l  p a r a m e t e r s  
r e q u i r e d  f o r  t h i s  t y p e  o f  c a l c u l a t i o n  a n d  d i s c u s s  t h o s e  o f  p a r t i c u l a r  
i m p o r t a n c e  t o  t h e  d e t e r m i n a t i o n  o f  t h e  t h r e s h o l d  p o i n t  o f  t h e  v e l o c i t y  
f i e l d  c h a r a c t e r i s t i c .
4 . 3 . 1  B a n d  s t r u c t u r e  p a r a m e t e r s
T h e  T ,  L  a n d  X v a l l e y s  a r e  i n c l u d e d  i n  t h e  p r o g r a m .  T h e  T - v a l l e y  
i s  n o n - p a r a b o l i c  b u t  a s s u m e d  s p h e r i c a l  a t  a l l  e n e r g i e s  o f  i n t e r e s t ,  a n d  
i s  o f  t h e  f o r m
f t 2 lt2
~ ~  = E ( X + aE )  ( 4 . 8 )
2m
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A
t f m -j 2
a  = —  1 -  — j ( 4 . 9 )
E m0 J
R v 0
w h e r e  a  i s  t h e  n o n - p a r a b o l i c i t y  o f  t h e  r - v a l l e y  a n d  i s  g i v e n  b y :
E l e c t r o n s  h e a t  u p  i n  t h e  r - v a l l e y  a n d  a r e  a b l e  t o  t r a n s f e r  e i t h e r
t o  t h e  L  o r  X v a l l e y s ,  o n l y  w h e n  t h e y  h a v e  a c q u i r e d  e n e r g y  e q u a l  t o  t h e
r e s p e c t i v e  s u b b a n d  e n e r g y  g a p  AE o r  AE . T h e  L  a n d  X v a l l e y s  a r e1 Li IX
l o c a t e d  a t  t h e  B r i l l o u i n  z o n e  b o u n d a r y  a n d  a r e  a s s u m e d  p a r a b o l i c  a n d
s p h e r i c a l .  T h e  e l e c t r o n s  i n  t h e s e  v a l l e y s  w i l l . t h e r e f o r e  m o v e  w i t h
A A
i s o t r o p i c  e f f e c t i v e  m a s s e s  m ^  a n d  m ^ .  We a p p r o x i m a t e  t h e  e l l i p s o i d a l  
v a l l e y s  b y  s p h e r i c a l  e n e r g y  s u r f a c e s  b e c a u s e  o f  t h e  u n c e r t a i n t y  i n  t h e  
e f f e c t i v e  m a s s  c o m p o n e n t s  a l o n g  t h e  p r i n c i p a l  a x e s  a n d  a l s o  b e c a u s e  o f  
t h e  s t r o n g  i n t e r v a l l e y  s c a t t e r i n g  w h i c h  i s  e x p e c t e d  t o  d o m i n a t e  o v e r  a n y
a n i s o t r o p i c  e f f e c t s  i n  t h e s e  v a l l e y s  [ 7 4 ] .
T h e  f o l l o w i n g  B a n d  s t r u c t u r e  p a r a m e t e r s  a r e  t h e r e f o r e  r e q u i r e d  
a s  i n p u t  d a t a  t o  t h e  p r o g r a m :
A
F o r  t h e  Y v a l l e y :  a > m c
A
F o r  t h e  L  v a l l e y s :  A E ^ ,  m ^
A
F o r  t h e  X v a l l e y s :  A E ^ ,  m ^
T h e  r e m a i n i n g  i n p u t  p a r a m e t e r s  w h i c h  a r e  g i v e n  b e l o w  a r e  r e q u i r e d
f o r  t h e  e v a l u a t i o n  o f  t h e  v a r i o u s  s c a t t e r i n g  p r o b a b i l i t i e s .
4 . 3 , 2  P a r a m e t e r s  r e l a t e d  t o  s c a t t e r i n g  p r o c e s s e s
a )  S c a t t e r i n g  P r o c e s s e s  i n  t h e  r ~ v a l l e y
P o l a r  o p t i c a l ,  i o n i z e d  i m p u r i t y ,  a n d  a c o u s t i c  s c a t t e r i n g s  a r e  c o n s i d e r e d  
a s  i n t r a v a l l e y  s c a t t e r i n g  m e c h a n i s m s  i n  t h e  r - v a l l e y .  P o l a r  o p t i c a l
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s c a t t e r i n g  b e i n g  t h e  d o m i n a n t  m e c h a n i s m  a t  r o o m  t e m p e r a t u r e  a n d  l o w  
e l e c t r i c  f i e l d  s t r e n g t h s ,  w h i l e  i m p u r i t y  s c a t t e r i n g  b e c o m e  i m p o r t a n t  
a t  m o d e r a t e  t o  h i g h  c o n c e n t r a t i o n s  o f  i m p u r i t i e s ,  a n d  a c o u s t i c  s c a t t e r i n g ,  
a l t h o u g h  n o t  a  v e r y  i m p o r t a n t  p r o c e s s ,  i t  m a y  b e c o m e  o f  m o r e  i m p o r t a n c e  a t  
h i g h  e l e c t r o n  e n e r g i e s .  T h e  s c a t t e r i n g  r a t e s  f o r  t h e s e  p r o c e s s e s  ( t h e  
d e p e n d e n c e  o n  e l e c t r o n  e n e r g y  i s  i n c l u d e d )  a r e  g i v e n  b y :
P o l a r  o p t i c a l  s c a t t e r i n g :
X„ 0 0  -  V E , E ' )  x
/2ft "  0 [ E (  1+aE) ] '  0
•Nq . . . ,  a b s o r p t i o n  
( 4 . 1 0 )
I ( N q  +  1 ) . . . .  e m i s s i o n
T ^  i s  t h e  p o l a r  o p t i c a l  t e m p e r a t u r e ,  a n d  K Q a r e  t h e  h i g h  f r e q u e n c y  a n d  
s t a t i c  d i e l e c t r i c  c o n s t a n t s ,  a n d  N Q i s  t h e  o p t i c a l  p h o n o n  o c c u p a t i o n  
n u m b e r .
“ 1
N 0 =  [ e x p ( T p / T )  -  1 ]
a n d  T  i s  t h e  l a t t i c e  t e m p e r a t u r e .  E a n d  E ’ a r e  t h e  e l e c t r o n  e n e r g i e s  b e f o r e  
a n d  a f t e r  s c a t t e r i n g ,
E ’ =
E + k ^ T  ......................a b s o r p t i o nB p  F
E -  k „ T   ................. e m i s s i o n
B p
F q ( E  , E ' )  i s  a  f u n c t i o n  o f  E  a n d  E ’ a n d  a  ( s e e  R e f .  [ 7 4 ] ) ,  a n d  t o g e t h e r  w i t h
t h e  f a c t o r  , . ( l + 2a E  )  t h e y  a c c o u n t  f o r  t h e  e f f e c t s  o f  n o n - p a r a b o l i c i t y  a n d  
[ E ( 1 + a E ) ] 2
k - d e p e n d e n c e  o f  b l o c h  s t a t e s .
A c o u s t i c  s c a t t e r i n g :
* %
( 2 m  )  ( k  T ) D 2 A
A n ( l c )  =  ------------------------------------  [ E ( l  +  a E )  ] 2 ( 1  +  2 a E ) F n ( E )  ( 4 . 1 1 )
2irpS2h 4
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H e r e  a c o u s t i c  p h o n o n  a b s o r p t i o n  a n d  e m i s s i o n  b y  t h e  e l e c t r o n  i s  n e g l e c t e d  
s i n c e  t h e  a c o u s t i c  p h o n o n  e n e r g y  i s  s m a l l  c o m p a r e d  t o  k ^ T .  We e x p e c t  
t h i s  a p p r o x i m a t i o n ,  h o w e v e r  t o  b e  l e s s  v a l i d  a t  l o w  t e m p e r a t u r e s .  I n  
t h e  a b o v e  e x p r e s s i o n ,  p  i s  t h e  m a s s  d e n s i t y ,  S i s  t h e  s o u n d  v e l o c i t y ,  a n d  
D a  i s  t h e  a c o u s t i c  d e f o r m a t i o n  p o t e n t i a l .
I m p u r i t y  s c a t t e r i n g  [ 7 7 ] :
2/T7rNTe l|m 2 ,
X ( k )  =  --------------------------   [ E ( l  +  a E )  ] ~ 2 ( 1  +  2 a E )  ( 4 . 1 2 )
° e 2* 2 32
4 n N je 2
w h e r e ,  B2 =  — — = —p  £  k  T
s  B
a n d  N j  i s  t h e  i m p u r i t y  c o n c e n t r a t i o n .
I t  a p p e a r s  f r o m  t h e  a b o v e  e x p r e s s i o n  t h a t  AQ ( k )  i s  i n d e p e n d e n t  o f
N j  s i n c e  82 i s  p r o p o r t i o n a l  t o  N j .  W h a t  r e a l l y  h a p p e n s  i s  t h a t  w h i l e
A r e m a i n s  c o n s t a n t  a s  N j  i s  i n c r e a s e d . ,  t h e  a n g l e  t h r o u g h  w h i c h  t h e  
e l e c t r o n  i s  s c a t t e r e d  i n c r e a s e s  i n  p r o p o r t i o n  t o  N j  [ 7 8 ] .
b )  S c a t t e r i n g  p r o c e s s e s  i n  t h e  u p p e r  v a l l e y s .
P r o c e s s e s  s i m i l a r  t o  t h o s e  o f  t h e  r - v a l l e y  a r e  a l s o  c o n s i d e r e d  t o  c a u s e  
i n t r a v a l l e y  s c a t t e r i n g  i n  t h e  L  a n d  X s e t s  o f  m i n i m a .  T h e  s a m e  f o r m u l a e  
( a s  t h o s e  i n  t h e  r - v a l l e y )  a r e  e m p l o y e d  b u t  w i t h  a  =  0 e v e r y w h e r e ,  a n d  
t h e  a p p r o p r i a t e  e f f e c t i v e  m a s s e s .  I n  a d d i t i o n  t o  t h e s e  p r o c e s s e s ,  
e q u i v a l e n t  i n t e r v a l l e y  s c a t t e r i n g ,  t h a t  i s  Lx-KL a n d  X<->X s c a t t e r i n g s  a l s o  
c o n t r i b u t e  t o  t h e  m o b i l i t i e s  i n  t h e  L  a n d  X v a l l e y s .  A n d  m o s t  i m p o r t a n t  
o f  a l l  t o  t h e  p r o c e s s  o f  e l e c t r o n  t r a n s f e r  a r e  n o n - e q u i v a l e n t  i n t e r v a l l e y  
s c a t t e r i n g s  t h a t  i s  T<~KL, r-<-*X,  a n d  L-<->X s c a t t e r i n g .
f t B
e X 7 F
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1.  E q u i v a l e n t  I n t e r v a l l e y  S c a t t e r i n g :
E q u i v a l e n t  L + + L  a n d  X + + X  s c a t t e r i n g s  a r e  g i v e n  b y :
^ 2  f  N ..................... a b s o r p t i o n
m .  D ?  i
J J _____  T? »2A .  =  ( Z . . -  1 )  — --------^-------------  E
3 3 /2TrpT.b2 / k B ( N . + 1 )  . . e m i s s i o n  
J
( 4 . 1 3 )
w h e r e  E =
E(lc) +
E ( k )  -  k ^ T  e m i s s i o n
°  J
- 1
a n d  N j  =  [ e x p ( T ^ / T )  -  l ]
T j  i s  t h e  i n t e r v a l l e y  p h o n o n  t e m p e r a t u r e ,  i s  t h e  i n t e r v a l l e y  c o u p l i n g  
c o n s t a n t  b e t w e e n  e q u i v a l e n t  v a l l e y s ,  a n d  Z ^  i s  t h e  n u m b e r  o f  e q u i v a l e n t  
v a l l e y s .  A s s u m i n g  t h e  L  a n d  X m i n i m a  a r e  a t  t h e  B . Z . e d g e ,  t h e n  Z T = 4 ,
1_T
and  Z^ = 3.
2 .  N o n - e q u i v a l e n t  i n t e r v a l l e y  s c a t t e r i n g :
N o n  e q u i v a l e n t  P < - + L ,  r<—>X a n d  L+-+X s c a t t e r i n g s  a r e  g i v e n  b y :
i j
%  rN . .* r,
m .  D f . |
A . . ( k )  -  Z .  - J  i J   [ E  ' C l  +  a  . E 1)  ] 5 ( 1  +  2 a . E ' ) F .  . ( E , E ' ) y -
1 J  J  / 2 i t p T . . - h 2 / k „  J  i j  X
1 J  B . (N . . + 1 ) 
v IJ
( 4 . 1 4 )
w h e r e  t h e  s c a t t e r i n g  i s  f r o m  i  +  j .  I t  i s  t o  b e  n o t i c e d  h e r e  t h a t  t h i s  
r e l a t i o n  a p p l i e s  f o r  T+-+L a n d  T+-+X s c a t t e r i n g s ,  h o w e v e r ,  w h e n  s c a t t e r i n g  
o c c u r s  f r o m  L + + X ,  t h e n  b o t h ,  t h e  i n i t i a l  a n d  f i n a l  s t a t e s  a r e  i n  t h e  u p p e r  
v a l l e y s  w h e r e  t h e  n o n - p a r a b o l i c i t y  i s  n e g l e c t e d  a n d  0+  s h o u l d  b e  s e t
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e q u a l  t o  z e r o .
f ( E . + A . -  A . )  +  k - T . .  
E'. = j  1 J B i j
1  ( E .  +  A . -  A . )  -  k „ T .  .i  i  y  B i j
- 1
a n d  N .  . =  [ e x p ( T .  . / T )  -  l ]  
i j  i j
Z j  i s  t h e  n u m b e r  o f  j  v a l l e y s ,  a n d  a r e  t h e  i n t e r v a l l e y  p h o n o n
t e m p e r a t u r e  a n d  c o u p l i n g  c o n s t a n t s ,  A ^  a n d  A^ d e n o t e  t h e  e n e r g y  o f  t h e  
m i n i m a  o f  v a l l e y s  i  a n d  j .  I n  t h e  a b o v e  e x p r e s s i o n s ,  t h e  d e p e n d e n c e  o f  
D,. j  a n d  l b  j  o n  w a v e  v e c t o r  h a v e  b e e n  n e g l e c t e d ,  a n d  i s  j u s t i f i e d  o n  t h e  
g r o u n d s  t h a t  t h e  t o t a l  c h a n g e  i n  w a v e  v e c t o r  i s  l a r g e  a n d  d o e s  n o t  
d e p e n d  m u c h  o n  t h e  i n i t i a l  a n d  f i n a l  s t a t e s .
A l l  p a r a m e t e r s  w h i c h  a p p e a r e d  i n  t h e  a b o v e  m e n t i o n e d  s c a t t e r i n g  
p r o c e s s e s  a r e  r e q u i r e d  f o r  t h e  M o n t e - C a r l o  c a l c u l a t i o n .  T h e  k - v a l u e s  
w h i c h  d e t e r m i n e  t h e  s i z e  o f  t h e  h i s t o g r a m s  a s s o c i a t e d  w i t h  t h e  t h r e e  
s e t s  o f  v a l l e y s  a r e  a l s o  r e q u i r e d .  E a c h  h i s t o g r a m  w a s  d e v i d e d  i n t o  
e l e v e n  c e l l s .
T h e  o u t p u t  p a r a m e t e r s  o b t a i n e d  f r o m  t h i s  M o n t e - C a r l o  p r o g r a m ,  a r e ,  
t h e  e l e c t r o n  v e l o c i t i e s  a n d  r e l a t i v e  p o p u l a t i o n  i n  t h e  T ,  L  a n d  X v a l l e y s .  
T h e s e  v a l u e s  a r e  t a b u l a t e d  a f t e r  e a c h  5 0 0  s c a t t e r i n g s  f o r  a  t o t a l  o f  
1 0 , 0 0 0  r e a l  s c a t t e r i n g  e v e n t s .  A f t e r  s u c h  a  l a r g e  n u m b e r  o f  s c a t t e r i n g s ,  
t h e  f l u c t u a t i o n  i n  t h e  t o t a l  e l e c t r o n  v e l o c i t y  i s  v e r y ,  s m a l l  i n d i c a t i n g  
t h a t  i t  i s  n e a r  t o  i t s  s t e a d y  s t a t e  v a l u e .  B e c a u s e  o f  t h e  r e m a i n i n g  s m a l l  
f l u c t u a t i o n s ,  t h e  p r a c t i c e  w a s  t o  t a k e  t h e  a v e r a g e  o f  t h e  l a s t  f o u r  v a l u e s  
o f  t h e  v e l o c i t y .  T h e  c o m p o n e n t s  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  i n  e a c h  o f
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t h e  e l e v e n  h i s t o g r a m  c e l l s  a r e  a l s o  t a b u l a t e d  f o r  t h e  F ,  L  a n d  X h i s t o ­
g r a m s .  I n  t h i s  w o r k ,  w e  a r e  o n l y  i n t e r e s t e d  i n  t h e  v a l u e s  o f  t h e
e l e c t r o n  v e l o c i t y  a t  v a r i o u s  e l e c t r i c  f i e l d s ,  a n d  w e  s h a l l  n o t  d i s c u s s
t h e  o t h e r  a v a i l a b l e  o u t p u t  p a r a m e t e r s  a n y  f u r t h e r .
T h e  n u m b e r  o f  s c a t t e r i n g s  c a u s e d  b y  d i f f e r e n t  p r o c e s s e s  i n  e a c h  
a n d  b e t w e e n  d i f f e r e n t  v a l l e y s  a r e  a l s o  p r i n t e d  o u t  i n  t h e  p r o g r a m  o u t p u t .  
T h i s  w i l l  h e l p  i n  a s s e s s i n g  t h e  i m p o r t a n c e  o f  e a c h  v a l l e y  t o  t h e  p r o c e s s  
o f  e l e c t o n  t r a n s f e r ,  a s  w e l l  a s  i n d i c a t i n g  t h e  i m p o r t a n c e  o f  t h e
i n d i v i d u a l  s c a t t e r i n g  p r o c e s s e s  .
4 . 4  D e p e n d e n c e  o f  t h e  v - F  C h a r a c t e r i s t i c  o n  B a n d  S t r u c t u r e  a n d  T r a n s p o r t  
P a r a m e t e r s
A t  r o o m  t e m p e r a t u r e ,  t h e  d o m i n a n t  s c a t t e r i n g  m e c h a n i s m  i n  t h e  
v a l l e y  i s  d u e  t o  t h e  e l e c t r o n s  i n t e r a c t i o n  w i t h  p o l a r  o p t i c a l  p h o n o n s  [ 7 9 ] ,
T h e  e n e r g y  a c q u i r e d  b y  t h e  e l e c t r o n s  f r o m  t h e  a p p l i e d  e l e c t r i c  f i e l d  i s
d i s t r i b u t e d  t o  t h e  l a t t i c e  b y  t h e  a b s o r p t i o n  o r  e m i s s i o n  o f  p o l a r  o p t i c a l
p h o n o n s  a n d  a t  l o w  f i e l d s  t h e  d i f f e r e n c e  i n  t e m p e r a t u r e  b e t w e e n  t h e
e l e c t r o n s  a n d  t h e  l a t t i c e  i s  r e l a t i v e l y  s m a l l .  H o w e v e r  a t  h i g h  f i e l d s ,
t h e  e l e c t r o n s  g a i n  m o r e  e n e r g y  b e t w e e n  c o l l i s i o n s  t h a n  t h e y  c a n  d i s s i p a t e
t o  t h e  l a t t i c e  p o l a r  o p t i c a l  p h o n o n s ,  a n d  s o  t h e  e l e c t r o n  t e m p e r a t u r e ,  T ^ ,
i n c r e a s e s  r a p i d l y  w i t h  f i e l d .  T h i s  i s  b e c a u s e  a t  h i g h e r  e n e r g i e s ,  a  f e w
t i m e s  t h e  p h o n o n  e n e r g y ,  t h e  s c a t t e r i n g  r a t e  d e c r e a s e s  w i t h  i n c r e a s i n g
e n e r g y  ( r e l a t i o n  ( 4 . 1 0 ) ) .  T h e r e f o r e ,  t h e  t i m e  b e t w e e n  c o l l i s i o n s  i n c r e a s e s
w i t h  f i e l d  a n d  t h i s  l e a d s  t o  d i e l e c t r i c  b r e a k d o w n  a t  a  c r i t i c a l  f i e l d ,  F
’ c
[ 4 0 ] .  S t r a t t o n  [ 4 4 ] r e l a t e s  F  t o  t h e  f i e l d  F  g i v e n  b y  r e l a t i o n  ( 3 . 4 )c 0
w h i c h  c a n  b e  r e w r i t t e n  i n  t h e  f o r m :
( 4 . 1 5 )
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W h e n  t h e  p o l a r  b r e a k d o w n  f i e l d  i s  r e a c h e d ,  e l e c t r o n s  m a y  g a i n  s u f f i c i e n t
e n e r g y  f o r  t r a n s f e r  t o  h i g h e r  v a l l e y s  b e f o r e  i m p a c t  i o n i z a t i o n  o c c u r s .
F q m a y  t h e r e f o r e  b e  r e l a t e d  t o  t h e  t h r e s h o l d  f i e l d  f o r  G u n n  i n s t a b i l i t i e s
w h e n  E i s  g r e a t e r  t h a n  t h e  l o w e s t  s u b b a n d  g a p .
8
A
F r o m  t h e  a b o v e  r e l a t i o n  i t  a p p e a r s  t h a t  m , T  , a n d  t h e  d i f f e r e n c e
r  c *  p *
o f  t h e  i n v e r s e  o f  t h e  d i e l e c t r i c  c o n s t a n t s  a r e  i m p o r t a n t  p a r a m e t e r s  i n
d e t e r m i n i n g  t h e  G u n n  t h r e s h o l d ,  I t  i s  c l e a r  t h a t  a n  i n c r e a s e  i n  a n y  o f
t h e s e  p a r a m e t e r s  w i l l  c a u s e  F fl t o  i n c r e a s e  a n d  h i g h e r  f i e l d s  w o u l d  b e
A
r e q u i r e d  t o  r a i s e  t h e  e l e c t r o n  t e m p e r a t u r e .  B u t  o f  p a r t i c u l a r  i n t e r e s t  i s  ni , 
w h i c h  v a r i e s  w i t h  e n e r g y  i n  a  n o n - p a r a b o l i c  b a n d ,  a c c o r d i n g  t o  t h e  k . £  
r e l a t i o n :
m ( E )  =  m * [ l  +  a E ]  ( 4 . 1 6 )
T h e r e f o r e  a s  e l e c t r o n s  a r e  e x i t e d  t o  m o r e  n o n - p a r a b o l i c  p a r t s  o f  t h e  
v a l l e y  b y  t h e  f i e l d ,  t h e i r  e f f e c t i v e  m a s s  i n c r e a s e s  a n d  t h i s  l e a d s  t o  a  
s l o w e r  v a r i a t i o n  o f  e l e c t r o n  t e m p e r a t u r e  w i t h  f i e l d  t h a n  i n  t h e  p a r a ­
b o l i c  c a s e ,  F i g .  ( 4 . 3 ) .  I t  i s  w o r t h  n o t i c i n g  t h a t  t h i s  e f f e c t  w i l l  b e  
m o r e  i m p o r t a n t  t h e  s m a l l e r  t h e  e n e r g y  g a p ,  s i n c e  a  i s  i n v e r s e l y  p r o p o r t i o n a l
t o  E .
8
A t  l o w  e l e c t r i c  f i e l d s  t h e  e l e c t r o n s  o c c u p y  s t a t e s  i n  t h e  F - v a l l e y
n e a r  t h e  m i n i m u m  w h e r e  t h e  b a n d  i s  n e a r l y  p a r a b o l i c ,  a n d  t h e r e f o r e  d r i f t
w i t h  a  c o n s t a n t  m a s s ,  t h e  c o n d u c t i o n  i s  t h e n  o h m i c  a n d  t h e  v e l o c i t y - f i e l d
c h a r a c t e r i s t i c  i s  a p p r o x i m a t e l y  l i n e a r .  T h e  s l o p e  b e i n g  d e t e r m i n e d  b y  t h e
e f f e c t i v e  m a s s  a t  t h e  b o t t o m  o f  t h e  v a l l e y ,  s i n c e  t h e  m o b i l i t y ,  p  ®
a  ^
i s  p r o p o r t i o n a l  t o  m c  f o r  p o l a r  o p t i c a l  s c a t t e r i n g .  A t  a  c r i t i c a l  
f i e l d ,  h o w e v e r ,  t h e  e n e r g y  o f  t h e  e l e c t r o n s  b e g i n s  t o  i n c r e a s e  r a p i d l y  
w i t h  f i e l d  a n d  t h e  v - F  c h a r a c t e r i s t i c  d e p a r t  f r o m  i t s  o h m i c  b e h a v i o u r .
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A s  t h e  e n e r g y  o f  t h e  e l e c t r o n s  i n c r e a s e s  w i t h  f i e l d ,  t h e y  m a y  
a c q u i r e  e n o u g h  e n e r g y  t o  t r a n s f e r  t o  t h e  u p p e r  v a l l e y s .  T h e  a c t u a l  
v a l u e  o f  t h e  s u b b a n d  g a p s ,  A E ,  w i l l  a f f e c t  t h e  t h r e s h o l d  f i e l d ,  b u t  i f  
AE i s  o n  t h e  r a p i d l y  i n c r e a s i n g  p a r t  o f  t h e  T g  v s  F  c u r v e ,  F T  w i l l  b e  
l e s s  s e n s i t i v e  t o  t h e  e x a c t  v a l u e  o f  AE t h a n  i f  i t  i s  o n  t h e  m o r e  s l o w l y  
i n c r e a s i n g  p a r t ,  F i g ,  ( 4 . 3 ) .  O b v i o u s l y , .  AE m u s t  b e  l a r g e r  t h a n  s e v e r a l  
k g T  o r  t h e r m a l  p o p u l a t i o n  o f  t h e  u p p e r  v a l l e y s  w i l l  m a s k  a n y  f i e l d  
d e p e n d e n t  t r a n s f e r .
I t  i s  w o r t h  n o t i c i n g  t h a t  w h e n  e l e c t r o n  t r a n s f e r  b e g i n s  i n t e r ­
v a l l e y  s c a t t e r i n g  w i l l  c o n t r i b u t e  t o  t h e  m o b i l i t y  i n  t h e  T - v a l l e y  a n d  t h e  
e l e c t r o n  t e m p e r a t u r e  s h o u l d  s t a r t  d e v i a t i n g  f r o m  t h e  b e h a v i o u r  s h o w n  i n  
F i g .  ( 4 . 3 ) .  T h i s  d e v i a t i o n  b e c o m e s  a p p a r e n t  a t  f i e l d s  a b o v e  t h e  t h r e s h o l d ,  
a n d  a t  h i g h e r  f i e l d s  t h e  e l e c t r o n s  t e m p e r a t u r e  t e n d s  t o  s a t u r a t e  i n d i c a t i n g  
t h e  d o m i n a n c e  o f  i n t e r v a l l e y  s c a t t e r i n g .  T h i s  e f f e c t  i s  s h o w n  i n  F i g .  ( 4 . 4 )  
f o r  v a r i o u s  i n t e r v a l l e y  c o u p l i n g  c o n s t a n t s .
S c a t t e r i n g  t o  t h e  u p p e r  v a l l e y s  o c c u r  t h r o u g h  t h e  i n t e r a c t i o n  o f  
e l e c t r o n s  w i t h  t h o s e  i n t e r v a l l e y  p h o n o n s  w h i c h  o c c u p y  k - s t a t e s  a t  t h e  
B r i l l o u i n  z o n e  b o u n d a r y  a l o n g  t h e  < 1 1 1 >  a n d  < 1 0 0 >  d i r e c t i o n s .  G r o u p  s e l e c t i o n  
r u l e s  [ 8 0 ]  a p p l i e d  b e t w e e n  s y m m e t r y  p o i n t s  s h o w  t h a t ,  b o t h  LO a n d  LA 
p h o n o n s  c a n  p a r t i c i p a t e  i n  t h e  F - L  t r a n s i t i o n s ,  w h i l e  t h e  F - X  t r a n s i t i o n s  
o c c u r  t h r o u g h  t h e  p a r t i c i p a t i o n  o f  t h e  L O p h o n o n s  o n l y .  H e r b e r t  e t  a l .  [ 8 1 ]  
h a v e  p o i n t e d  o u t  t h a t ,  s i n c e  t r a n s f e r  o c c u r s  f r o m  l o w e r  s y m m e t r y  p o i n t s  i n  
t h e  r - v a l l e y ,  t h e  s e l e c t i o n  r u l e s  s h o u l d  b e  r e l a x e d  a n d  c o n t r i b u t i o n  f r o m  
a l l  p h o n o n s  s h o u l d  b e  c o n s i d e r e d .
R e l a t i o n  ( 4 . 1 4 ) ,  s h o w s  t h a t  i n t e r v a l l e y  s c a t t e r i n g  r a t e s  a r e  p r o p o r t i o n a l '  
t o  t h e  s q u a r e  o f  t h e  c o u p l i n g  c o n s t a n t s .  I n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  
a r e  t h e r e f o r e  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  r e l a x a t i o n  t i m e  o f  h o t  e l e c t r o n s
-  55 -
F I G . 4 - 3  E l e c t r o n  t e m p e r a t u r e  v s .  e l e c t r i c  f i e l d  .
F I G . 4 - 4  M e a n  e n e r g y  o f  e l e c t r o n s  i n  t h e  T - v a l l e y
[ f u l l  c u r v e s )  a n d ( 100 ) - v a l l e y s  ( b r o k e n  c u r v e s )
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a n d  t h e  r e l a t i v e  p o p u l a t i o n  o f  t h e  u p p e r  v a l l e y s  a t  a  g i v e n  f i e l d ,  a n d  
h e n c e  t h e  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  n e a r  t h r e s h o l d .  E a r l y  c a l c u l a t i o n s  
o n  G a A s  b y  F a w c e t t  e t  a l .  [ 7 4 ]  h a v e  s h o w n  t h e  d e p e n d e n c e  o f  e l e c t r o n  t r a n s f e r  
o n  t h e  s t r e n g t h  o f  t h e  P - X  c o u p l i n g  c o n s t a n t .  T h e s e  r e s u l t s  a r e  s h o w n  i n  
F i g .  ( 4 . 5 )  a n d  ( 4 . 6 ) .  W i t h  s t r o n g  c o u p l i n g ,  e l e c t r o n s  w i t h  t h e  e n e r g y  o f  
t h e  s u b b a n d  g a p  h a v e  a  h i g h  p r o b a b i l i t y  o f  t r a n s f e r r i n g  t o  t h e  s a t e l l i t e  
v a l l e y s ,  b u t  t h i s  i s  c o m p e n s a t e d  b y  a  h i g h  p r o b a b i l i t y  o f  s c a t t e r i n g  b a c k  
t o  t h e  c e n t r a l  v a l l e y .  W e a k  c o u p l i n g ,  h o w e v e r ,  i n c r e a s e s  t h e  r e l a x a t i o n  
t i m e  a n d  h e n c e  a l l o w s  t h e  e l e c t r o n s  t o  a c q u i r e  m o r e  e n e r g y  b e t w e e n  
s c a t t e r i n g s .  T h e r e f o r e  t h e  e l e c t r o n s  b e c o m e  h e a t e d  a t  l o w e r  f i e l d s  a n d  
f o r  a  g i v e n  f i e l d  t h e  f r a c t i o n  o f  e l e c t r o n s  i n  t h e  s a t e l l i t e  v a l l e y s  i s  
h i g h e r  s i n c e  t h e  o v e r a l l  c o o l i n g  e f f e c t  o f  t h e  i n t e r v a l l e y  s c a t t e r i n g  
i s  l e s s e n e d , F i g .  ( 4 . 5 ) .  F o r  w e a k  c o u p l i n g ,  m o s t  o f  t h e  t r a n s f e r  t o  t h e  
u p p e r  v a l l e y s  t a k e s  p l a c e  o v e r  a  n a r r o w  r a n g e  o f  f i e l d  a n d  f r o m  F i g .  ( 4 . 6 )  
i t  c a n  b e  s e e n  t h a t  t h i s  l e a d s  t o  a  l o w e r  t h r e s h o l d  f i e l d  a n d  p e a k  v e l o c i t y  
a n d  a  l a r g e r  NDM t h a n  s t r o n g  c o u p l i n g .
T h e  v a l u e  o f  t h e  c o u p l i n g  c o n s t a n t  c a n  c o m p r i s e  a  n u m b e r  o f  w e i g h t e d  
c o n t r i b u t i o n s  d e p e n d i n g  o n  t h e  s e l e c t i o n  r u l e s  a n d  p h o n o n  a v a i l a b i l i t y  [ 8 2 ] .  
T h e  v a l u e  o f  t h e  c o u p l i n g  c o n s t a n t  w o u l d ,  t h e r e f o r e ,  b e  e x p e c t e d  t o  b e  
d e p e n d e n t  o n  t h e  v a l u e  o f  s u b b a n d  g a p ,  s i n c e  i f  t h i s  i s  r e d u c e d  t h e  s e l e c t i o n  
r u l e s  w i l l  b e c o m e  m o r e  s t r i n g e n t , . t h e  c o n t r i b u t i o n s  f r o m  n o r m a l l y  f o r b i d d e n  
p h o n o n s  w i l l  b e  r e d u c e d  a n d  t h e  e f f e c t i v e  c o u p l i n g  c o n s t a n t  w i l l  d e c r e a s e .  
F o l l o w i n g  a  p r i v a t e  c o m m u n i c a t i o n  w i t h  F a w c e t t ,  C .  P i c k e r i n g  [ 8 3 ] ,  h a s  
c o n s i d e r e d  l i n e a r  d e p e n d e n c e  o f  c o u p l i n g  c o n s t a n t  o n  t h e  s u b b a n d  g a p ,  a s  
a  f i r s t  a p p r o x i m a t i o n .
F a w c e t t  a n d  H e r b e r t  [ 6 6 ] h a v e  c a l c u l a t e d  i n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  
u s i n g  s c r e e n e d  a n d  u n s c r e e n e d  p s e u d o p o t e n t i a l s .  T h e  t h e o r y  i s  d i s c u s s e d  i n
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F I G A - 6  V E L O C I T Y - F I E L D  C U R V E S  F O R  V A R IO U S  
C O U P L IN G  C O N S T A N T S .
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d e t a i l  b y  H e r b e r t  [ 8 2 ] ,  V e r y  b r i e f l y ,  t h e  e f f e c t  o f  i o n i c  c o r e s  a r e  
r e p r e s e n t e d  b y  p s e u d o p o t e n t i a l s  w h i c h  a r e  n o r m a l l y  c o n s i d e r e d  t o  b e  
s c r e e n e d  b y  t h e  v a l a n c e  e l e c t r o n s .  H o w e v e r ,  H e r b e r t  [ 8 2 ]  h a s  s u g g e s t e d  
t h a t ,  a t  h i g h  e l e c t r i c  f i e l d s ,  t h e  e l e c t r o n - p h o n o n  i n t e r a c t i o n  m a y  b e  
u n s c r e e n e d  d u e  t o  t h e  r e l a t i v e l y  l o n g  r e s p o n s e  t i m e  o f  t h e  v a l e n c e  
e l e c t r o n s .  B e s t  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a  f o r  b o t h  G a A s  a n d  I n P  
w a s  o b t a i n e d  w i t h  t h e  u n s c r e e n e d  v a l u e s  ( i . e .  s t r o n g e r  c o u p l i n g  c o n s t a n t s ) .
CHAPTER 5
P R E S S U R E  AND C O M P O S I T I O N  DE P END EN CE  O F  THE
I n  A s , P  M O N T E - C A R L O  P ARAMETERS 1- x  x
S i n c e  a l l  h i g h  f i e l d  m e a s u r e m e n t s  w e r e  m a d e  a t  r o o m  t e m p e r a t u r e ,  t h e  
c o r r e s p o n d i n g  M o n t e - C a r l o  c a l c u l a t i o n s  w e r e  m a d e  b y  s e t t i n g  t h e  l a t t i c e  
t e m p e r a t u r e  T  =  3 0 0 ° K.
5 . 1  T h e  M a s s  D e n s i t y  Mp "
T h e  m a s s  d e n s i t y  f o r  I n  A s  i s  5 . 6 6  g m / c m 3 [ 1 6 , 8 4 ]  a n d  f o r  I n P  i s  
4 . 7 8  g m / c m 3 [ 1 6 , 8 4 ] .  T h e  c h a n g e  i n  p  w i t h  p h o s p h o r u s  c o m p o s i t i o n  x  i s  
n o t  n e c e s s a r i l y  l i n e a r  s i n c e
x
T h e  a v e r a g e  a t o m i c  m a s s  i n  t h e  u n i t  c e l l  M ^ i s  a s s u m e d  l i n e a r  i n  x .  T h e  
v o l u m e  o f  t h e  u n i t  c e l l  f t ^ ,  h o w e v e r ,  i s  p r o p o r t i o n a l  t o  a 3 , w h e r e  a  i s  
t h e  l a t t i c e  c o n s t a n t ,  a n d  m a y  b e  c o n s i d e r e d  l i n e a r  i n  x  i f  t h e  c h a n g e
,  q « • #
m  a °  a c r o s s  t h e  a l l o y  i s  n e g l i g i b l e  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g
c h a n g e  i n  M.  T h e  l a t t i c e  c o n s t a n t s  f o r  I n  A s  a n d  I n P  a r e  6 , 0 5 8 4  A [ 8 5 ]
O
a n d  5 , 8 6 9 3  A [ 86 ] r e s p e c t i v e l y ,  a n d  w e  c a l c u l a t e  t h e  c h a n g e  i n  a 3 t o  b e  
fe 10% w h i c h  i s  c o m p a r a b l e  w i t h  t h e  c h a n g e  i n  M (fe 3 0 % ) .  T h e r e f o r e  t h e  
c h a n g e  i n  ft m a y  b e  i n c l u d e d .  T h e  l a t t i c e  p a r a m e t e r  i s  k n o w n  t o  v a r y  
l i n e a r l y  a c r o s s  t h e  I n  A s  P  a l l o y s  [ 8 7 , 8 8 ] ,  a n d  h e n c e  t h e  d e n s i t y  p ^  i s  
g i v e n  b y  t h e  r e l a t i o n :
-  6 0  -
w h e r e  t h e  s u b s c r i p t s  1 a n d  2 r e f e r  t o  I n  A s  a n d  I n P  r e s p e c t i v e l y .
I t  i s  c l e a r  t h a t  t h e  i n f l u e n c e  o f  p r e s s u r e  o n  t h e  m a s s  d e n s i t y  
i s  n e g l i g i b l e  s i n c e  t h e  c h a n g e  i n  v o l u m e  t o  15  k - b a r  i s  o f  t h e  o r d e r  
o f  1% [ 8 9 ] .
5 . 2  T h e  D i e l e c t r i c  C o n s t a n t s  " K .  a n d  K "0 <»
T h e  s t a t i c  a n d  o p t i c a l  d i e l e c t r i c  c o n s t a n t s  f o r  I n  A s  a r e  1 3 . 7  
a n d  1 1 . 1  [ 6 0 ' ]  r e s p e c t i v e l y ,  a n d  t h o s e  f o r  I n P  a r e  1 2 . 3 5  a n d  9 . 5 2  [ 6 0 ] .  
T h e  n a t u r e  o f  t h e  c h a n g e  i n  K Q a n d  w i t h  p h o s p h o r u s  c o m p o s i t i o n  i s
n o t  c l e a r ,  d u e  t o  l a c k  o f  i n f o r m a t i o n  w i t h  r e g a r d  t o  t h e i r  d e p e n d e n c e  
o n  k n o w n  p a r a m e t e r s .  I n  s u c h  a  s i t u a t i o n  o n e  h a s  t o  r e s o r t  t o  l i n e a r  
i n t e r p o l a t i o n  b e t w e e n  t h e  p a r a m e t e r s  o f  t h e e n d  c o m p o u n d s ,  a n d  i n  t h i s  
c a s e  w e  c h o s e  t o  i n t e r p o l a t e  b e t w e e n  t h e  i n v e r s e  o f  t h e  p a r a m e t e r s .  
T h i s  c o u l d  b e  j u s t i f i e d  b y  t h e  f o l l o w i n g  r e l a t i o n  [ 9 0 ] :
a s  0 , 2 4 4  [ 9 1 ]  f o r  I n  A s  a n d  0 , 3 3 2  [ 9 1 ]  f o r  I n P ,  a n d  v a l u e s  f o r  t h e  p o l a r  
o p t i c a l  t e m p e r a t u r e  g i v e n  i n  R e f .  [ 6 0 ]  a s  3 5 0 ° K  a n d  5 0 0 ° K  f o r  I n  A s  a n d  
I n P  r e s p e c t i v e l y ,  w e  f i n d  t h a t  w i t h i n  2% t h e  q u a n t i t y
i s  t h e  s a m e  f o r  b o t h  I n  A s  a n d  I n P .  We t h e r e f o r e  a s s u m e  t h a t  t h i s  q u a n t i t y
( 5 . 2 )
w h e r e  M i s  t h e  r e d u c e d  m a s s ,  ft i s  t h e  v o l u m e  o f  t h e  u n i t  c e l l ,  a n d  to.X/
i s  t h e  l o n g i t u d i n a l  o p t i c a l  p h o n o n  f r e q u e n c y .
*
. 'i ’* tt * . e
U s i n g  t h e  v a l u e s  o f  p  a n d  a  g i v e n  i n  s e c t i o n  5 . 1 ,  a n d  t a k i n g  —
e
e
Mfto)2
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w i l l  r e m a i n  u n c h a n g e d  w i t h  i n c r e a s i n g  p h o s p h o r u s  c o n t e n t .  T h i s  
a s s u m p t i o n  i s  v a l i d  p r o v i d e d  t h a t  t h e  v a r i a t i o n  w i t h  x  o f  e a c h  o f  
t h e  a b o v e  p a r a m e t e r s  i s  w e l l  b e h a v e d .  T h e  c h a n g e  i n
K K,
ft ft t
w i t h  x  s h o u l d  t h e n  f o l l o w  t h e  c h a n g e  i n  e  . e  i s  p r o p o r t i o n a l  t o  
t h e  e x c e s s  t i m e  t h a t  t h e  v a l e n c e  e l e c t r o n s  s p e n d  a r o u n d  t h e  V a t o m s .
A n d  a s  t h e  p h o s p h o r u s  a t o m s  a r e  i n t r o d u c e d  i n t o  t h e  l a t t i c e ,  b e i n g  
m o r e  " e l e c t r o n  n e g a t i v e "  t h a n  t h e  a r s e n i c  a t o m s ,  t h e  e l e c t r o n s  w i l l  
b e  s p e n d i n g  m o r e  t i m e  i n  t h e i r  v i c i n i t y .  T h e  t o t a l  i n c r e a s e  i n  t i m e  
s p e n t  b y  t h e  e l e c t r o n s  a r o u n d  t h e  V a t o m s  w i l l  t h e r e f o r e  b e  p r o p o r t i o n a l
t o  t h e  a m o u n t  o f  p h o s p h o r u s  a t o m s  i n t r o d u c e d ,  i . e .  l i n e a r  i n  x .  T h i s
. . . *  . . .
i n c r e a s e  m  t i m e  s h o u l d  c o r r e s p o n d  t o  t h e  i n c r e a s e  i n  e  w i t h  i n c r e a s i n g
. . . *
x .  We t h e r e f o r e  a s s u m e  l i n e a r  i n t e r p o l a t i o n  o f  e  , a n d  c a l c u l a t e  t h e
d i e l e c t r i c  c o n s t a n t s  f r o m  t h e  r e l a t i o n :
1  x_ 1- x
K I<„ K .
X  2  1
( 5 . 3 )
w h e r e  t h e  s u b s c r i p t s  1 a n d  2 a r e  a s  b e f o r e .
T h e  c h a n g e  i n  d i e l e c t r i c  c o n s t a n t s  w i t h  p r e s s u r e  c a n  b e  e s t i m a t e d  
f r o m  t h e  r e l a t i o n s
a n d
1 dK00 — 0 d lY
K00 d p
z
~n R
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1 ~ 9 ~1
K o
d p
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( 5 . 4 )
w h e r e  n ^  i s  t h e  r e f r a c t i v e  i n d e x .
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h a s  b e e n  c a l c u l a t e d  b y  T s a y  e t  a l .  [ 9 2 ]  f o r  a  n u m b e r  o f  s e m i c o n d u c t o r s  
a n d  t h e  v a l u e s  g i v e n  f o r  I n  A s  a n d  I n P  a r e  -  0 . 3 9  x  1 C T 3 a n d  
- 0 . 4 5  x 1 0 ~ 3e V / k - b a r  r e s p e c t i v e l y .  A d o p t i n g  t h e s e  v a l u e s ,  w e  c a l c u l a t e  
a n  i n c r e a s e  i n
K
V OO
K ,
o f  t h e  o r d e r  o f  1% t o  1 5  l c - b a r s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  c h a n g e
m
K
V OO
K
c a l c u l a t e d  f r o m  r e l a t i o n  ( 5 . 2 ) .  S i n c e  t o  1 5  k ~ b a r s ,  c h a n g e s  v e r y  l i t t l e  
w i t h  p r e s s u r e  [ 9 3 ] ,  a n d  e  d e p e n d s  p r e s u m a b l y  o n  t h e  t y p e  o f  a t o m s  a n d  
t h e  c r y s t a l  s y m m e t r y  w h i c h  d o e s  n o t  c h a n g e  u n d e r  h y d r o s t a t i c  p r e s s u r e ,  
i t  f o l l o w s  t h a t  t h e  c h a n g e  i n
K IC
i s  m a i n l y  d u e  t o  t h e  c h a n g e  i n  f t ,  w h i c h  a g a i n  g i v e s  a n  i n c r e a s e  o f  t h e  
o r d e r  o f  1%- t o  1 5  k - h a r s  .
5 . 3  T h e  S o u n d  V e l o c i t y  " S "
T h e  s o u n d  v e l o c i t i e s  i n  I n  A s  a r i d  I n P  a r e  4  x  1 0 5 c m / s  [ 9 4 ]  a n d
5 x  1 0 5c m / s  [ 9 5 ]  r e s p e c t i v e l y .  T h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  a l l o y  
w e r e  o b t a i n e d  b y  l i n e a r  i n t e r p o l a t i o n  o f  S .
S i s  r e l a t e d  t o  s o m e  a v e r a g e  e l a s t i c  c o n s t a n t  " C  " . b y  t h e  r e l a t i o n :
Xj '
s 2 p  -  c . ( 5 . 5 )
T h i s  r e l a t i o n  i s  u s e d  t o  o b t a i n  a n  e s t i m a t e  f o r  t h e  c h a n g e  i n  S w i t h
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4(% 4  A c lj. 14
G a A s  [ 9 6 ] ,  w h i c h  g a v e  — 7—  =  1 . 1  a n d  ----------  c a n  b e  e s t i m a t e d  t o  b e
d p  c qq
% 2% t o  1 5  l c - b a r ,  K e y e s  [ 9 7 ]  f o u n d  t h a t  i n  m o s t  I I I - V  c o m p o u n d s ,  t h e  
o b s e r v e d  e l a s t i c  c o n s t a n t s  c 1]L, c 12 a n d  c ^  a r e  c l o s e l y  r e l a t e d  t o  a n  
e l a s t i c  c o n s t a n t  c q d e f i n e d  b y  t h e  q u a n t i t y
p r e s s u r e .  The  d e p e n d e n c e  o f  c ^  on  p r e s s u r e  h a s  b e e n  m e a s u r e d  f o r
c o ■
4 ' ** 
7 3 e 2 / a lf . ( 5 . 6 )
F r o m  t h i s  w e  c a l c u l a t e  a n  i n c r e a s e  i n  c Q o f  t h e  o r d e r  o f  2% t o  
1 5  k - b a r .  T h e r e f o r e  a s s u m i n g  w i l l  c h a n g e  b y  a  s i m i l a r  a m o u n t ,  t h e n  
t h e  c h a n g e  i n  S t o  1 5  l c - b a r  i s  g i v e n  b y :
A S / S  = ~
A c  Ap 
c p
a n d  a s  —  i n c r e a s e s  b y  a  s i m i l a r  o r d e r ,  t h e  t w o  c h a n g e s  w i l l  p r o b a b l y  
P
c o m p e n s a t e  e a c h  o t h e r .
5 . 4  T h e  E n e r g y  G a p s  E g ,  A E ^  a n d
T h e  f u n d a m e n t a l  e n e r g y  g a p  E d o e s  n o t  e n t e r  t h e  c a l c u l a t i o n
8
e x p l i c i t l y ,  b u t  i m p l i c i t l y  t h r o u g h  t h e  e f f e c t i v e  m a s s  a n d  n o n - p a r a b o l i c i t y
i n  t h e  r - v a l l e y .  A n d  s i n c e  a l l  e n e r g i e s  a r e  r e f e r r e d  t o  t h e  F - m i n i m u m ,
E i s  n o t  u s e d  a s  i n p u t  p a r a m e t e r  i n  t h e  p r o g r a m ,  b u t  i t s  v a l u e  i s  
8
n e c e s s a r y  f o r  t h e  c a l c u l a t i o n  o f  n r .  a n d  a .  T h e  v a l u e s  o f  E  a r e  0 . 3 5  e V
r  8
[ l , 9 8 ]  a n d  1 . 3 5  e V  [ 9 9 - 1 0 2 ]  f o r  I n  A s  a n d  I n P  r e s p e c t i v e l y .  T h e  v a r i a t i o n
o f  E w i t h  a l l o y  c o m p o s i t i o n  x  h a s  b e e n  s t u d i e d  f o r  a  n u m b e r  o f  I I I - V  
8
c o m p o u n d  a l l o y s ,  a n d  t h e  f o l l o w i n g  r e l a t i o n  w a s  p r o p o s e d  [ 1 0 3 ] ,
E = A + Bx + Cx2 ( 5 . 7 a )
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h e n c e  t h e  m a g n i t u d e  o f  t h e  e f f e c t  o f  d i s o r d e r .  E l e c t r o r e f l e c t a n c e
m e a s u r e m e n t s  [ 1 0 4 ]  i n d i c a t e  t h a t  t h i s  e f f e c t  i s  v e r y  s m a l l .  A  v a l u e
o f  C =  0 . 1  w a s  g i v e n  b y  f i t t i n g  t h e  a b o v e  r e l a t i o n  t o  t h e  e x p e r i m e n t a l
d a t a  [ 1 0 4 ] .  U s i n g  t h e  v a l u e s  o f  E f o r  I n  A s  a n d  I n P ,  t h e  c o e f f i c i e n t s
8
a  a n d  b  c a n  b e  d e t e r m i n e d  a n d  t h e  v a r i a t i o n  o f  E  x t f i t h  x  i s  t h e r e f o r e
8
g i v e n  b y :
E  =  0 . 3 5  +  0 , 9 x  +  O . l x 2 . . . . e V  ( 5 . 7 b )
8 x
I t  i s  w o r t h  n o t i c i n g  t h a t  t h e  d e v i a t i o n  f r o m  l i n e a r i t y  a t  x  =  0 . 5  i s  
0 , 0 2 5  e V .  T h i s  a m o u n t s  t o  a n  e r r o r  o f  l e s s  t h a n  3 % .
T h e  v a r i a t i o n  o f  E  w i t h  p r e s s u r e  i s  g i v e n  b y  t h e  r e l a t i o n :
8
E ( p )  =  E ( 0 ) ' +  1 0 - 2 p  . . . . e V  ( 5 . 8 )
& o
w h e r e  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  r  - v a l l e y  w a s  t a k e n  a s  1 0 ~ 2e V / k - b a r  
[ 7 ]  a n d  p  i s  t h e  a p p l i e d  p r e s s u r e  i n  k - b a r .
T h e  v a l u e s  o f  t h e  s u b b a n d  g a p s  a r e  AE _ =  0 . 9  e V  [ 1 0 5 ]  a n d
1 L
A E r x  =  1 . 4 7  e V  [ 1 0 6 ]  f o r  I n  A s ,  a n d  0 . 6  e V  [ 1 0 2 ]  a n d  0 . 8  e V  [ 1 0 2 ]  
r e s p e c t i v e l y  f o r  I n P .  T h e s e  e n e r g i e s  a r e  i m p o r t a n t  s i n c e  t h e y  d e f i n e  
t h e  e l e c t r o n  e n e r g i e s  a t  w h i c h  i n t e r v a l l e y  s c a t t e r i n g  t a k e s  p l a c e  a n d  
c o n s e q u e n t l y  t h e  s t a r t  o f  e l e c t r o n  t r a n s f e r .  T h e  v a r i a t i o n  o f  s u b b a n d  
g a p s  w i t h  x  f o l l o w  r e l a t i o n  ( 5 . 7 a )  w i t h  t h e  v a l u e s  o f  C b e i n g  0 . 1 5  a n d  0 . 1 6  
f o r  A E j , ^  a n d  AE ^  r e s p e c t i v e l y  [ 1 0 4 ] .
( A E  ) =  0 . 9  -  0 . 4 5 x  +  0 . 1 5 x 2 ( 5 . 9 )
1 L X
Where  t h e  c o e f f i c i e n t  C r e p r e s e n t s  t h e  d e v i a t i o n  f r o m  l i n e a r i t y  a n d
a n d  ( A E  v )  =  1 . 4 7  -  0 . 8 3 x  +  0 . 1 6 x 2
1 A X ( 5 . 1 0 )
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S u c h  a  s m a l l  d e v i a t i o n ,  i n  o u r  v i e w ,  c o u l d  b e  c o n t a i n e d  w i t h i n  t h e
e x p e r i m e n t a l  e r r o r ,  a n d  b e i n g  o f  t h e  o r d e r  o f  k T ,  i t  s h o u l d  n o t  m a k e
a n  o b s e r v e d  d i f f e r e n c e  t o  t h e  p r o c e s s  o f  e l e c t r o n  t r a n s f e r .
T h e  s u b b a n d  g a p s  d e p e n d e n c e s  o n  p r e s s u r e  a r e  g i v e n  b y :
A E p L ( p )  =  & E r L ( 0 )  -  0 . 7  x  1 0 - 2 p  ( 5 . 1 1 )
A E r x ( p )  =  A E r x ( 0 )  -  1 . 2  x  1 0 " 2 p  ( 5 . 1 2 )
T h e  p r e s s u r e  c o e f f i c i e n t s  o f  t h e  L  a n d  X v a l l e y s  r e l a t i v e  t o  t h e  
v a l e n c e  b r a n d  w e r e  t a k e n  a s  3  x  1 0 “ 3 a n d  -  2  x  1 0 “ 3e V / l < - b a r  r e s p e c t i v e l y  
[ 7 , 8 3 ] .
> ft ft ft
5 . 5  T h e  E f f e c t i v e  m a s s e s :  m c , m ^  a n d  m ^
T h e  e f f e c t i v e  m a s s  i n  t h e  T - v a l l e y  i s  p r o b a b l y  t h e  m o s t  i m p o r t a n t  
b a n d  s t r u c t u r e  p a r a m e t e r  s i n c e  i t  e n t e r s  a l l  e x p r e s s i o n s  f o r  t h e  s c a t t e r i n g  
r a t e s  i n  t h e  T - v a l l e y  b o t h  e x p l i c i t l y  a n d  a l s o  i m p l i c i t l y  t h r o u g h  t h e  
e l e c t r o n  e n e r g i e s .  I t  d o e s  a l s o  i n f l u e n c e  i n t e r v a l l e y  s c a t t e r i n g ,  i n  
p a r t i c u l a r  s c a t t e r i n g  f r o m  t h e  L  a n d  X v a l l e y s  b a c k  t o  t h e  T - v a l l e y .
We t h e r e f o r e  c o n s i d e r  t h i s  p a r a m e t e r  t o  b e  m o s t  i n t e r e s t i n g  a n d  o n e  w h i c h  
m u s t  b e  c a r e f u l l y  c o n s i d e r e d .
ft
T h e  v a l u e s  o f  m f o r  I n  A s  a n d  I n P  a r e  . 0 2 2  m [ 1 0 7 ]  & . 0 7 9  m [ 1 0 2 ]  
c  0 0
ft
r e s p e c t i v e l y ,  T h e  d e p e n d e n c e  o f  m c  o n  b a n d  s t r u c t u r e  h a s  b e e n  e x p r e s s e d  
i n  t h e  k . j j  t h e o r y  a s  d i s c u s s e d  i n  C h a p t e r  2  b y  t h e  f o l l o w i n g  r e l a t i o n :
The d e v i a t i o n  f r o m  l i n e a r i t y  i n  b o t h  c a s e s  i s  fe . 0 4  eV a t  x  = 0 . 5 .
/m t 
c
E
i  + _ £ 11
x3 
t* 1
m 
v 0'
_  +  3 E 
L 8
E +A
8 ; -
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- 1
( 5 . 1 3 )
k
T h e  d e p e n d e n c e  o f  m c  o n  c o m p o s i t i o n  a n d  p r e s s u r e  m a y  b e  s t u d i e d  b y
a c c o u n t i n g  f o r  t h e  c o r r e s p o n d i n g  d e p e n d e n c e  o f  t h e  p a r a m e t e r s  E  , E
8 P
a n d  A ,
T h e  d e p e n d e n c e  o f  E  o n  x  a n d  p  h a s  b e e n  c o n s i d e r e d  i n  t h e  p r e v i o u s
8
s e c t i o n ,  a n d  t o  a  g o o d  a p p r o x i m a t i o n  E v s  x  i s  l i n e a r .  I t  i s  k n o w n  t h a t
8
E p  h a s  a  s i m i l a r  v a l u e  f o r  m o s t  I I I - V  c o m p o u n d s  w h i c h  v a r i e s  o n l y  b y  20 %
a m o n g  t h i s  g r o u p  o f  c o m p o u n d s .  I t  i s  t h e r e f o r e  r e a s o n a b l e  t o  a s s u m e
t h a t  E p  w i l l  r e m a i n  c o n s t a n t  u n d e r  p r e s s u r e ,  a n d  t h a t  i t  w i l l  v a r y
. . *  
l i n e a r l y  w i t h  x .  F r o m  k n o w l e d g e  o f  m c  a n d  A i n  I n  A s  a n d  I n P ,  1 6 . 4 4
a n d  1 9 . 0 6  e V  w e r e  c a l c u l a t e d  f o r  E ^  i n  t h e  t w o  c o m p o u n d s  r e s p e c t i v e l y ,
u s i n g  t h e  a b o v e  k .]3 r e l a t i o n .
T h e  c h a n g e  i n  A w i t h  x  m a y  b e  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  r e l a t i o n
Ax  "  A A +  V  +  e Ax2
w h e r e  t h e  v a l u e  o f  m a y  b e  c a l c u l a t e d  f r o m  a  r e l a t i o n  s i m i l a r  t o  t h a t
g i v e n  b y  S a m a r a  e t  a l .  [ 1 0 4 ]  f o r  t h e  c a l c u l a t i o n  o f  C a s s o c i a t e d  w i t h  A
C A =  -  a / < a ) |  ( 5 . 1 4 )
w h e r e  3 i s  t h e  f r a c t i o n  o f  t i m e  t h e  v a l e n c e  e l e c t r o n s  s p e n d  a r o u n d  t h e  
V . .
V - a t o m s ,  a n d  A i s  t h e  a t o m i c  s p i n  o r b i t  s p l i t t i n g  o f  t h e  V - a t o m s . '  A
s i m i l a r  e x p r e s s i o n  a l s o  e x i s t s  f o r  t h e  c a s e  o f  m i x e d  I I I - a t o m s , w h e r e
3 a n d  A t  i n  t h i s  c a s e  a r e  r e l a t e d  t o  t h e  I I I - a t o m s .
a t
B y  u s i n g  v a l u e s  o f  0 . 3 0  [ 1 5 ]  a n d  0 . 0 8  e V  [ 9 0 ]  f o r  A i n  AS a n d  p3 tl
a t o m s  r e s p e c t i v e l y  a n d  3 =  0 . 6 5 ,  w e  c a l c u l a t e  a  v a l u e  o f  = 0 . 1 4  e V .
-  67 -
A n d  w i t h  v a l u e s  o f  0 , 4 3  [ 1 5 ]  a n d  0 . 2 0  e V  [ 3 7 ]  f o r  A i n  I n  A s  a n d  I n P ,
A a a n d  B a a r e  c a l c u l a t e d  a n d  t h e  a b o v e  r e l a t i o n  f o r  t h e  I n  A s ,  P  
A A 1 - x  x
s y s t e m  b e c o m e s ,
A = 0 . 4 3  -  0 . 3 7 x  + 0 . 1 4 x 2 ( 5 . 1 5 )
x
I t  a p p e a r s  f r o m  r e l a t i o n  ( 2 . 3 ) ,  t h a t  A i s  m a i n l y  a  f u n c t i o n  o f  
A a n d  t h e  f r a c t i o n  o f  t i m e  t h e  v a l e n c e  e l e c t r o n s  s p e n d  a r o u n d  t h e
ci tl
i n d i v i d u a l  a t o m .  T h e  l a t t e r  w i l l  p r o b a b l y  d e p e n d  o n  t h e  c r y s t a l  
s y m m e t r y  w h i c h  w e  d o  n o t  e x p e c t  t o  c h a n g e  u n d e r  t h e  i n f l u e n c e  o f  h y d r o ­
s t a t i c  p r e s s u r e .  We t h e r e f o r e  c o n s i d e r  A t o  r e m a i n  c o n s t a n t  w i t h  
p r e s s u r e .  F i g .  ( 5 . 1 )  s h o w s  t h e  v a r i a t i o n  o f  A w i t h  x  a n d  F i g .  ( 5 . 2 )  
s h o w s  t h e  c o r r e s p o n d i n g  v a r i a t i o n  o f  m c  a s  c o m p a r e d  t o  l i n e a r  i n t e r ­
p o l a t i o n .  . T h e  d e v i a t i o n  f r o m  l i n e a r i t y  a t  x  =  0 . 4 5  i s  +  . 0 0 0 4  w h i c h
i s  l e s s  t h a n  1% o f  t h e  e f f e c t i v e  m a s s  a t  t h i s  c o m p o s i t i o n .  We t h e r e f o r e
ft
c o n c l u d e  t h a t  i s  f a i r l y  l i n e a r  i n  x .
ft ft
T h e  e f f e c t i v e  m a s s e s  m ^  a n d  m^. a l t h o u g h  t h e y  d o  i n f l u e n c e  t h e  
s c a t t e r i n g  r a t e s  i n  t h e  u p p e r  v a l l y e s , t h e y  t e n d  t o  h a v e  v e r y  l i t t l e
e f f e c t  o n  t h e  t h r e s h o l d  p o i n t ,  F a w c e t t  a n d  H e r b e r t  [ 6 6 ] ,  s h o w e d  t h a t
ft ,
c h a n g i n g  b y  m o r e  t h a n  6 0 %  d i d  n o t  a p p r e c i a b l y  a l t e r  t h e  t h r e s h o l d
f i e l d  a n d  p e a k  v e l o c i t y ,  b u t  r a t h e r  h a d  a  s i g n i f i c a n t  e f f e c t  o n  t h e
n e g a t i v e  d i f f e r e n t i a l  m o b i l i t y  r e g i o n  a n d  p e a k  t o  v a l l e y  r a t i o ,  m ^  i s
e v e n  l e s s  s i g n i f i c a n t  s i n c e  w e  o b s e r v e  i n  o u r  c a l c u l a t i o n  t h a t  i n  m o s t
c a s e s  t r a n s f e r  t o  t h e  x - v a l l e y s  o n l y  o c c u r s  a t  f i e l d s  w e l l  a b o v e  t h e
t h r e s h o l d ,
ft
f o r  I n P  w a s  t a k e n  a s  0 . 4  mQ s i m i l a r  t o  t h a t  u s e d  b y  F a w c e t t  a n d
ft 
lX '
H e r b e r t  [ 6 6 ] a n d  w e  a l s o  u s e  t h e  s a m e  v a l u e  f o r  mv . T h e s e  v a l u e s  w e r e
(A
s
) 
V
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P h o s p h o r u s  c o n t e n t ,  x
F I G . 5 - 1  C a l c u l a t e d  c h a n g e  o f  a  w i t h  x  
f o r  t h e  I n A s  P  .
1-x x
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W + jit
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a s s u m e d  t o  r e m a i n  c o n s t a n t  w i t h  c o m p o s i t i o n  a n d  a l s o  w i t h  p r e s s u r e .
5 . 6  T h e  n o n - p a r a b o l i c i t y , a
a ,  i s  c a l c u l a t e d  f r o m  t h e  r e l a t i o n :
1
a x  E
8 X
2m
x
T h e  m o s t  i m p o r t a n t  e f f e c t  o f  a  i s  i t s  i n f l u e n c e  o n  t h e  d o m i n a n t  p o l a r  
o p t i c a l  s c a t t e r i n g  m e c h a n i s m .  A s  c a n  b e  s e e n  f r o m  r e l a t i o n  ( 4 . 1 0 ) ,  t h e  
e f f e c t  o f  a  i s  t o  i n c r e a s e  t h e  s c a t t e r i n g  r a t e ,  h o w e v e r ,  w h e n  t h e  f a c t o r  
F q ( E )  r e p r e s e n t i n g  t h e  l c - d e p e n d e n c e  o f  B l o c h  f u n c t i o n s  i s  t a k e n  i n t o  
a c c o u n t ,  t h e n  t h e  c o m b i n e d  e f f e c t  i s  t o  i n c r e a s e  t h e  s c a t t e r i n g  r a t e  
b u t  s i g n i f i c a n t l y  l e s s  t h a n  t h a t  c a u s e d  b y  a  a l o n e .  F a w c e t t  e t  a l  [ 7 4 ]  
e x p l a i n e d  t h a t  t h i s  e f f e c t  c a u s e s  t h e  d i s t r i b u t i o n  f u n c t i o n  t o  b e  c o o l e r  
i n  t h e  T - v a l l e y  a n d  s h o w e d  t h a t  b o t h ,  t h e  t h r e s h o l d  f i e l d  a n d  p e a k  
v e l o c i t y  w i l l  i n c r e a s e .  T h e  e f f e c t  o f  n o n ~ p a r a b o l i c i t y  a l o n e ,  i s  t o  
c a u s e  a  l a r g e r  i n c r e a s e  i n  t h e s e  q u a n t i t i e s .
5 . 7  A c o u s t i c  D e f o r m a t i o n  P o t e n t i a l s  D
a
T h e s e  p a r a m e t e r s  a r e  r a t h e r  u n c e r t a i n  d u e  t o  t h e  l a c k  o f  s u f f i c i e n t  
d a t a .  F o r  I n P ,  t h e  a c o u s t i c  d e f o r m a t i o n  p o t e n t i a l s  i n  t h e  r  a n d  L  v a l l e y s  
w e r e  t a k e n  a s  7 a n d  1 2  e V  r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  s i m i l a r  t o  t h o s e  
u s e d  b y  F a w c e t t  a n d  H e r b e r t  [ 6 6 ] ,  H i l s u m  a n d  R e e s  [ 1 0 8 ]  h a v e  c o n s i d e r e d  
v a l u e s  o f  7 ,  1 2  a n d  7 e V  f o r  t h e  a c o u s t i c  d e f o r m a t i o n  p o t e n t i a l  i n  t h e  
T ,  L  a n d  X v a l l e y s  r e s p e c t i v e l y ,  a n d  t h e y  h a v e  a l s o  c o n s i d e r e d  t h e s e  
v a l u e s  t o  b e  c o m m o n  f o r  I n P ,  I n  A s ,  G a S b  a n d  I n S b . We t h e r e f o r e  c h o s e  a  
v a l u e  o f  7 e V  f o r  t h e  a c o u s t i c  d e f o r m a t i o n  p o t e n t i a l  i n  t h e  X - v a l l e y s  i n  
I n P ,  a n d  w e  c o n s i d e r  s i m i l a r  p a r a m e t e r s  f o r  I n  A s .
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I t  i s  f o r t u n a t e  t h a t  a c o u s t i c  s c a t t e r i n g  i s  u n i m p o r t a n t  
p a r t i c u l a r l y  i n  t h e  F - v a l l e y  w h e r e  p o l a r  o p t i c a l  s c a t t e r i n g  i s  
d o m i n a n t .  I t  d o e s  h o w e v e r ,  h a v e  r e l a t i v e l y  m o r e  s i g n i f i c a n c e  i n  
t h e  u p p e r  v a l l e y s  s i n c e  i t  c o n t r i b u t e s  t o  t h e i r  m o b i l i t y ,  b u t  i t s  
e f f e c t  o n  t h e  e l e c t r o n  t r a n s f e r  i s  l i k e l y  t p  b e  n e g l i g i b l e  s i n c e  
i n t e r v a l l e y  s c a t t e r i n g  i s  e x p e c t e d  t o  d o m i n a t e .
5 .8 P h o n o n  S p e c t r u m
D e t a i l e d  i n f o r m a t i o n  o n  l a t t i c e  d i s p e r t i o n s  a r e  n o r m a l l y  o b t a i n e d  
f r o m  o p t i c a l  m e a s u r e m e n t s  i n  t h e  f a r  i n f r a r e d  r e g i o n .  T h e  i n f r a r e d  
s p e c t r u m  y i e l d s  e m i s s i o n s  p e a k s  a t  f r e q u e n c i e s  w h i c h  c a n  b e  a s s i g n e d
t o  p h o n o n s  n e a r  t h e  F - p o i n t  o r  t h e  s u m  o r  d i f f e r e n c e s  o f  p h o n o n
f r e q u e n c i e s  a t  c r i t i c a l  p o i n t s  o f  f i n i t e  w a v e  v e c t o r  ( e . g .  a t  t h e  
B r i l l o u i n  z o n e  e d g e  i n  I n  A s  a n d  I n P ) .  C a r e f u l  a n a l y s i s  i s  t h e r e f o r e  
r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  o f  L  a n d  X p h o n o n  f r e q u e n c i e s .  I n e l a s t i c  
n e u t r o n  s c a t t e r i n g  m a y  b e  a l s o  u s e d  t o  m e a s u r e  t h e  p h o n o n  s p e c t r u m .  S u c h  
m e a s u r e m e n t s  a r e  g e n e r a l l y  l e s s  p r e c i s e  t h a n  t h e  o p t i c a l  m e a s u r e m e n t s  
b u t  g i v e ,  a c c e s s  t o  p h o n o n s  o f  a l l  w a v e  v e c t o r s ,  a n d  m a y  t h e r e f o r e  b e
u s e d  t o  r e s o l v e  t h e  a m b i g u i t i e s  o f  t h e  o p t i c a l  d a t a .
T h e  p h o n o n  s p e c t r u m  o f  I n  A s ,  s h o w n  i n  F i g .  ( 5 . 3 ) ,  w a s  m e a s u r e d  b y  
S t i e r w a l t  a n d  P o t t e r  [ 1 0 9 ]  u s i n g  i n f r a r e d  a b s o r p t i o n .  T h e i r  d a t a  w e r e  
r e s o l v e d  b y  u s i n g  t h e  t w o - p h o n o n  s e l e c t i o n  r u l e s  o f  B i r m a n  [ 1 1 0 ] .  A l t h o u g h  
t h e  a c c u r a c y  o f  t h e i r  r e s u l t s  m a y  b e  q u e s t i o n e d  d u e  t o  t h e  l a c k  o f  d a t a  
f r o m  n e u t r o n  d i f f r a c t i o n  e x p e r i m e n t s ,  i t  h a s  s h o w n  c o n s i s t e n c y  w i t h  t h e  
s u m  r u l e  w h i c h  i s  a p p l i c a b l e  t o  z i n c b l e n d e  s t r u c t u r e s  a n d  t h e r e f o r e  l e n d s  
s o m e  s u p p o r t  t o  t h e i r  r e s u l t s .  O n  t h e  o t h e r  h a n d  i t  i s  h o p e d  t h a t  s l i g h t  
e r r o r  i n  t h e  p h o n o n  f r e q u e n c i e s  o f  I n  A s  w i l l  o n l y  p r o d u c e  l i t t l e  e r r o r
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d i s p e r s i o n  o f  I n A s
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i n  t h e  d e t e r m i n a t i o n  o f  t h e  p h o n o n  f r e q u e n c i e s  o f  t h e  p h o s p h o r u s  r i c h  
a l l o y s .
T h e  p h o n o n  s p e c t r u m  o f  I n P  h a s  b e e n  m e a s u r e d  b y  A l f r e y  a n d  
B o r c h e r d s  [ i l l ]  u s i n g  R a m a n  s p e c t r o s c o p y ,  a n d  l a t e r  r e v i s e d  b y  
B o r c h e r d s  e t  a l .  [ 1 1 2 ]  u s i n g  d a t a  f r o m  R a m a n  s c a t t e r i n g  a n d  n e u t r o n  
d i f f r a c t i o n  e x p e r i m e n t s .  T h e  r e v i s e d  s p e c t r u m  i s  s h o w n  i n  F i g .  ( 5 . 4 ) .
5 . 8 , 1  P h o n o n  i n t e r p o l a t i o n  f o r  t h e  I n  A s .  P  a l l o y s
-L X  X
L i k e  s o m e  o f  t h e  p r e v i o u s  p a r a m e t e r s  t h e r e  i s  l i t t l e  i n f o r m a t i o n  
o n  h o w  t h e  p h o n o n  e n e r g i e s  w o u l d  v a r y  a c r o s s  t h e  I n  A s ,  P  a l l o y s .
1 “ X  X
I n  s u c h  a  s i t u a t i o n  o n e  m a y  r e s o r t  t o  l i n e a r  i n t e r p o l a t i o n .
E h r e n r e i c h  [ 3 8 ]  h a s  a s s u m e d  l i n e a r  i n t e r p o l a t i o n  o f  t h e  p o l a r  p h o n o n  
t e m p e r a t u r e  f o r  t h e  c a l c u l a t i o n  o f  t h e  m o b i l i t y  i n  t h e  I n  A s ,  P
l - x  X
a l l o y s .  A s i m i l a r  p r o c e d u r e  h a s  b e e n  u s e d  b y  F a w c e t t  e t  a l .  [ 1 1 3 ]  i n  
e a r l y  c a l c u l a t i o n  o f  t h e  v e l o c i t y  f i e l d  c h a r a c t e r i s t i c  i n  t h e  s a m e  a l l o y s .  
H o w e v e r ,  t h e  v a l i d i t y  o f  t h e s e  i n t e r p o l a t i o n s  a r e  u n d o u b t l y  s u s p e c t  i n  
a l l o y s  w h i c h  s h o w  a  t w o - m o d e  b e h a v i o u r .  C h a n g  a n d  M i t r a  [ 1 1 4 ] ,  h a v e  
o b s e r v e d  t h a t  i n  a l l  s y s t e m s  w h i c h  s h o w  t h e  t w o - m o d e  b e h a v i o u r ,  a t  
i n t e r m e d i a t e  c o m p o s i t i o n s ,  t w o  s e t s  o f  p h o n o n  f r e q u e n c i e s  o c c u r  a t  
f r e q u e n c i e s  c l o s e  t o  t h e  e n d  m e m b e r s ,  t h e  s t r e n g t h  o f  e a c h  m o d e  b e i n g  
a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  m o l e  f r a c t i o n  o f  e a c h  c o m p o n e n t .
T h e i r  s t u d y ,  h o w e v e r ,  w a s  c o n c e r n e d  w i t h  t h e  z o n e  c e n t r e  p h o n o n s ,  a n d  
n o  o b s e r v a t i o n  w a s  m a d e  o n  z o n e  b o u n d a r y  p h o n o n s  d u e  t o  l a c k  o f  
e x p e r i m e n t a l  d a t a ,  F o r  t h e  z o n e  c e n t r e  p h o n o n s  t h e r e f o r e ,  o n e  m a y  g r o u p  
t h e  t w o  m o d e s  i n t o  o n e  b y  t a k i n g  t h e i r  a v e r a g e  a c c o r d i n g  t o  t h e  s t r e n g t h  
o f  e a c h  m o d e  i . e . ,  a c c o r d i n g  t o  t h e  m o l e  f r a c t i o n  o f  e a c h  c o m p o u n d .  T h i s  
p r o c e d u r e  i s  e q u i v a l e n t  t o  l i n e a r  i n t e r p o l a t i o n  o n l y  i f  t h e  f r e q u e n c y  o f  
e a c h  m o d e  r e m a i n s  c o n s t a n t  a c r o s s  t h e  a l l o y .  H o w e v e r ,  i f  t h e  f r e q u e n c y  o f
5 0 0
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t h e  i n d i v i d u a l  m o d e s  h a p p e n  t o  v a r y  a c r o s s  t h e  a l l o y  a s  o b s e r v e d  i n  
m o s t  2- m o d e  s y s t e m s ,  t h e n  d e v i a t i o n  f r o m  l i n e a r i t y  i s  a l m o s t  c e r t a i n  
a n d  t h e  a m o u n t  o f  d e v i a t i o n  w i l l  d e p e n d  o n  t h e  m a g n i t u d e  a n d  t y p e  o f  
v a r i a t i o n  o f  t h e  i n d i v i d u a l  m o d e s .  D a t a  c o n c e r n i n g  t h e  b e h a v i o u r  o f  
t h e  i n d i v i d u a l  m o d e s  a c r o s s  t h e  a l l o y  i s  t h e r e f o r e  e s s e n t i a l  f o r  
c o r r e c t  i n t e r p o l a t i o n  i n  t w o - m o d e  s y s t e m s .
I n  a  t w o  m o d e  s y s t e m ,  t h e  m a s s  o f  o n e  o f  t h e  e l e m e n t s  m u s t  b e
s m a l l e r  t h a n  t h e  r e d u c e d  m a s s  o f  t h e  c o m p o u n d  i n  w h i c h  t h i s  e l e m e n t  i s
s u b s t i t u t e d  [ 1 1 4 ] .  T h i s  c o n d i t i o n  i s  s a t i s f i e d  i n  t h e  I n  A s ,  P1- x  x
a l l o y s ,  s i n c e  t h e  m a s s  o f  t h e  e l e m e n t  p h o s p h o r u s  i s  l e s s  t h a n  t h e  
r e d u c e d  m a s s  o f  t h e  c o m p o u n d  I n  A s  i n  w h i c h  p h o s p h o r u s  i s  s u b s t i t u t e d  
( 1 5  < 1 9 . 7 2 ) ,  K e k e l i d z e  e t  a l .  [ 1 1 5 ]  h a v e  o b s e r v e d  t h e  t w o  m o d e  
b e h a v i o u r  i n  t h e  z o n e  c e n t r e  p h o n o n s  o f  t h e  I n  P ^  a l l o y s .  T h e i r
r e s u l t s  f o r  t h e  LO p h o n o n s  a r e  s h o w n  i n  F i g .  ( 5 . 5 )  w h i c h  s h o w s  a  l i n e a r  
v a r i a t i o n  o f  i n d i v i d u a l  m o d e s  w i t h  a  c o n t i n u o u s  d e c l i n e  i n  p h o n o n  e n e r g y  
f r o m  t h e  v a l u e  c h a r a c t e r i s t i c  o f  e n d  c o m p o u n d s  t o  s o m e  v a l u e  a t  t h e  
o p p o s i t e  e n d .  T h e  s o l i d  c u r v e  s h o w s  t h e  a v e r a g e  o f  t h e  t w o  m o d e s  
a c c o r d i n g  t o  t h e  m o l e  f r a c t i o n .  I t  i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  i f  o n e  
t a k e s  a  w e i g h t e d  a v e r a g e  o f  t h e  LO p h o n o n s  o f  t h e  e n d  c o m p o u n d s  o v e r  t h e  
m o l e  f r a c t i o n  a n d  t h e  p h o n o n  p r o b a b i l i t y ,  o n e  o b t a i n s  t h e  p o i n t s  s h o w n  
i n  F i g .  ( 5 . 5 )  w h i c h  a p p e a r  t o  b e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  s o l i d  
c u r v e .  We t h e r e f o r e  a d o p t  t h i s  m e t h o d  o f  i n t e r p o l a t i o n  f o r  t h e  z o n e  
b o u n d a r y  p h o n o n s ,  a s s u m i n g  t h e i r  b e h a v i o u r  a c r o s s  t h e  a l l o y  i s  s i m i l a r  
t o  t h e  z o n e  c e n t r e  p h o n o n s .  T h e  e s t i m a t e d  p h o n o n  t e m p e r a t u r e s  f o r  t h e  
I n  P ^  a l l o y s  a r e  g i v e n  i n  T a b l e  ( 5 . 1 ) .
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P h o s p h o r u s  c o n t e n t  , x
F I G .5 . 5  L O - p h o n o n s  o t  t h e  z o n e  c e n t r e  f o r  t h e  I n A s  P  a l l o y s  .
j—X- X
—  a v e r a g e  o f  m o d e s  1 & 2  o v e r  m o l e  f r a c t i o n  .
«  w e i g h t e d  a v e r a g e  o f  L O . p h o n o n s  o f  e n d  c o m p o u n d s  
o v e r  p h o n o n  p r o b a b i l i t i e s  a n d  m o l e  f r a c t i o n  .
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T a b l e  5 . 1  E s t i m a t e d  p h o n o n  t e m p e r a t u r e s  f o r  t h e  I n  A s ,  __ P . .
t - - J. X X 
a l l o y s .
A r e a s o n a b l e  g u e s s  o f  t h e  m a g n i t u d e  a n d  s i g n  o f  t h e  c h a n g e  i n ’ 
p h o n o n  e n e r g i e s  w i t h  p r e s s u r e  c a n  b e  m a d e  b y  c o n s i d e r i n g  t h e  s i m p l e  
r e l a t i o n :
I n  g e n e r a l ,  t h e  p h o n o n  f r e q u e n c y  to w i l l  d e p e n d  o n  t h e  m a s s  M a n d  s o m e  
f o r c e  c o n s t a n t  y  t h r o u g h  t h e  a b o v e  r e l a t i o n .  M i s  s o m e  f u n c t i o n  o f  
t h e  a t o m i c  m a s s e s  a n d  t h e r e f o r e  d o e s  n o t  c h a n g e  w i t h  p r e s s u r e .  On  t h e
ft
o t h e r  h a n d ,  y  m u s t  d e p e n d  o n  t h e  e f f e c t i v e  c h a r g e  e  [ 1 1 6 ] .  S i n c e  b y  
d e f i n i t i o n ,  y  i s  t h e  f o r c e  p e r  u n i t  l a t t i c e  d i s p l a c e m e n t ,  t h e n  i t  s h o u l d  
h a v e  s o m e  d e p e n d e n c e  o f  t h e  f o r m  
~ * 2"
e
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A s s u m i n g  t h a t  e  d o e s  n o t  c h a n g e  w i t h  p r e s s u r e ,  a n d  s i n c e  e  d e c r e a s e s  
b y  a b o u t  1% t o  1 5  k - b a r  a n d  a 3 d e c r e a s e s  b y  l e s s  t h a n  1 % ,  w e  p r e d i c t  
a n  i n c r e a s e  i n  io o f  l e s s  t h a n  2% t o  1 5  k - b a r s .  I n d e e d ,  W e i n s t e i n  [ 9 3 ]  
h a s  o b s e r v e d  a n  i n c r e a s e  i n  to o f  t h e  o r d e r  o f  15% t o  9 5  k - b a r  f o r  t h e  
LO a n d  TO z o n e  c e n t r e  p h o n o n s  i n  G a P ,  w h i c h  a m o u n t s  t o  a n  i n c r e a s e  o f  
l e s s  t h a n  2% t o  1 5  k - b a r s  i n  a g r e e m e n t  w i t h  o u r  p r e d i c t i o n .
5 . 8 . 2  P h o n o n  g r o u p i n g  a n d  s e l e c t i o n  r u l e s
I n  o r d e r  t o  a c c o u n t  f o r  i n t e r v a l l e y  s c a t t e r i n g ,  w e  m u s t  f i r s t  
i d e n t i f y  t h e  m o m e n t u m  c o n s e r v i n g  p h o n o n s  i n v o l v e d .  G r o u p  t h e o r e t i c a l  
r u l e s  a r e  u s u a l l y  u s e d  i n  t h i s  r e s p e c t  t o  i d e n t i f y  n o t  o n l y  t h e  p h o n o n  
s y m m e t r y  b u t  a l s o  t h e  p h o n o n  p o l a r i z a t i o n ,  n a m e l y  t r a n s v e r s e  o r  
l o n g i t u d i n a l ,  o p t i c a l  o r  a c o u s t i c .  O n  t h e  o t h e r  h a n d ,  a  m o r e  l u c i d  
d i s c u s s i o n  c a n  b e  c o n s t r u c t e d  b y  t h e  g r a p h i c a l  a p p r o a c h  d e p i c t e d  i n  
F i g .  ( 5 . 6 )  w h i c h  i d e n t i f i e s  t h e  s y m m e t r y  o f  t h e  p h o n o n s  i n v o l v e d  i n  
d i f f e r e n t  i n t e r v a l l e y  s c a t t e r i n g  p r o c e s s e s .  T h e  g r a p h  a l s o  d e m o n s t r a t e s  
v e r y  s i m p l y  w h i c h  o f  t h e  i n t e r v a l l e y  t r a n s i t i o n s  a r e  o f  t h e  u m k l a p p  t y p e .  
T h e  g r o u p  t h e o r y  w i l l  b e  t h e n  u s e d  t o  d e f i n e  t h e  p h o n o n  p o l a r i z a t i o n s .
F i g .  ( 5 . 6 a )  s h o w s  t h e  f i r s t  B r i l l o u i n  z o n e  f o r  t h e  f a c e  c e n t r e  
c u b i c  c r y s t a l  s t r u c t u r e ,  w i t h  t h e  m a i n  s y m m e t r y  d i r e c t i o n s  i n d i c a t e d .  
S y m m e t r y  p o i n t s  i n s i d e  ' t h e  z o n e  a r e  l a b e l l e d  c o n v e n t i o n a l l y  b y  G r e e k  
l e t t e r s  w h i l e  t h o s e  a t  t h e  z o n e  e d g e  a r e  n a m e d  b y  E n g l i s h  l e t t e r s .
F i g .  ( 5 . 6 b )  s h o w s  t h e  l o c a t i o n  o f  t h e  L - m i n i m a  a t  t h e  B r i l l o u i n  z o n e  
e d g e  a s  i t  i s  i n  I n  A s  a n d  I n P .  I t  c a n  b e  s e e n  f r o m  t h e  f i g u r e  t h a t  
L+-+L s c a t t e r i n g  r e q u i r e s  t h e  p a r t i c i p a t i o n  o f  < 1 0 0 >  t y p e  p h o n o n s  o f  
m o m e n t u m  11K100 ( X - p h o n o n s ) .  S c a t t e r i n g  f r o m  l o w e r  s y m m e t r y  p o i n t s  i n  
t h e  F - v a l l e y  t o  a n y  o f  t h e  f o u r  L - v a l l e y s  w i l l  r e q u i r e  p h o n o n s  v e r y
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F I G . 5 - 6 a  T h e  B r i l l o u i n  z o n e  o f  a  f a c e  c e n t r e d  
c u b i c  c r y s t a l  w i t h  m a i n  s y m m e t r y  
p o i n t s  a n d  d i r e c t i o n s  i n d i c a t e d  .
-  80  -
F I G . 5 - 6 b  L ^ L  s c a t - f a r i n g  o c c u r s  a l o n g  
[ 1 0 0 ]  d i r e c t i o n s  .
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n e a r  L ,  w h i c h  c a n  b e  r e a s o n a b l y  a p p r o x i m a t e d  b y  L - p h o n o n s . X+-+X s c a t t e r i n g
i s  d e m o n s t r a t e d  i n  F i g .  ( 5 . 6 c ) .  A g a i n  t h i s  p r o c e s s  r e q u i r e s  t h e  
p a r t i c i p a t i o n  o f  X - p h o n o n s ,  h o w e v e r ,  u n l i k e  L+-+L s c a t t e r i n g  i t  i s  o f  
t h e  u m l c l a p p  t y p e  s i n c e  i t  i n v o l v e s  t r a n s i t i o n s  b e t w e e n  d i s t i n c t  
B r i l l o u i n  z o n e s .  A l s o  T+-+X s c a t t e r i n g  w i l l  r e q u i r e  v e r y  n e a r l y  X - p h o n o n s .  
L+-+X s c a t t e r i n g  i s  s h o w n  i n  F i g .  ( 5 . 6 d ) ,  a n d  o c c u r s  v i a  L - p h o n o n s . T h e  
c o m b i n a t i o n  o f  t h e  a b o v e  p r o c e s s e s  c a n  b e  b e s t  p r e s e n t e d  b y  c o n s i d e r i n g  a  
( 1 1 0 )  t y p e  p l a n e  i n  t h e  r e p e a t e d  z o n e  s t r u c t u r e  a s  d e p i c t e d  i n  F i g .  ( 5 . 6 e ) .
G r o u p  s e l e c t i o n  r u l e s  a p p l i e d  t o  t r a n s i t i o n s  b e t w e e n  s y m m e t r y  p o i n t s
r e s t r i c t s  t h e  f o l l o w i n g  p h o n o n  p o l a r i z a t i o n s  t o  t h e  c o r r e s p o n d i n g
t r a n s i t i o n s ,  f o r  t h e  c a s e  MT TT > M „  w h i c h  a p p l i e d  t o  t h e  I n  A s ,  P  
* I I I  V ^  1 - x  x
a l l o y s .
r+ -+ X  a n d  X-++X L A  p h o n o n s
T+-VL a n d  L+-+L LA  a n d  LO p h o n o n s
L+-+X LA  a n d  LO p h o n o n s
T h e s e  r u l e s  w i l l  o n l y  b e  a p p l i e d  t o  L+-+L a n d  X++-X t r a n s i t i o n s  s i n c e  
t h e y  o c c u r  b e t w e e n  s y m m e t r y  p o i n t s .  F o r  r + -> L , I+ -+ X  a n d  L + -+ X , t h e  r u l e s  
w i l l  b e  r e l a x e d  a n d  p h o n o n s  o f  a l l  p o l a r i z a t i o n s  w i l l  b e  a l l o w e d .
I n  p r i n c i p l e  t h e  s c a t t e r i n g  r a t e s  d u e  t o  d i f f e r e n t  p h o n o n s  s h o u l d  
b e  c a l c u l a t e d  i n d i v i d u a l l y ,  h o w e v e r ,  b e c a u s e  t h e  LO a n d  TO p h o n o n s  a r e  
u s u a l l y  c l o s e  e n o u g h  i n  e n e r g y ,  i t  i s  u n i m p o r t a n t  t o  s e p a r a t e  t h e i r  
c o n t r i b u t i o n s  i n  t h e  t r a n s p o r t  c a l c u l a t i o n s .  T h e y ,  t h e r e f o r e  m a y  b e  
c o m b i n e d  i n  a  o n e  p h o n o n  g r o u p  w i t h  e n e r g y  e q u a l  t o  t h e  a v e r a g e  e n e r g y  
o f  ( L O  +  T O ) .  S i m i l a r l y ,  L A  a n d  T A  p h o n o n s  m a y  b e  g r o u p e d  i n  o n e .  We 
t h e n  h a v e  t o o  g r o u p s  o f  p h o n o n s , a  h i g h  e n e r g y  p h o n o n  g r o u p  a n d  a  l o w  
e n e r g y  o n e ,  A c o u p l i n g  c o n s t a n t  i s  a s s i g n e d  t o  e a c h  g r o u p  a c c o r d i n g  t o
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F I G . 5 _ 6 c  x ^ . x  s c a t t e r i n g  o c c u r i n g  v i a  [ 1 0 0 ]  
p h o n o n s  .
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F I G . 5 _ 6 d  L _ _ X  s c a t t e r i n g  o c c u r i n g  v i a  [111] 
p h o n o n s  .
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[ 1 0 0 ]
F I G . 5 - 6 e  D e m o n s t r a t i o n  o f  i n t e r v a l l e y  s c a t t e r i n g  p r o c e s s e s
o n  a  [ 1 1 0 )  t y p e  p l a n e  i n  t h e  r e p e a t e d  z o n e  s t r u c t u r e
-  85 -
t h e i r  symmetry (L or X) which w i l l  then determine the s c a t t e r i n g  r a t e s .  
Reducing the phonons to two groups i s  d e s i r ab le  s ince  i t  reduces the 
computing time considerably  and inc reases  the program e f f i c i e n c y ,  
while r e t a i n i n g  the accuracy of the c a l c u l a t i o n .
In In As, the LO, TO and LA phonon energ ies  are comparable and 
the re fo re  we combine them in  one group. The TA phonons w i l l  then form 
the low energy phonon group. A s im i l a r  grouping a lso  app l ie s  to InP 
which i s  c o n s i s t e n t  wi th  the recen t  c a lc u la t io n s  of H erber t  e t  a l .  [116]. 
A l l  in format ion concerning phonon grouping, type and p o l a r i z a t i o n  
adopted in  our c a l c u l a t i o n  fo r  the In As, P a l lo y s  as expla ined above
i. “ X  X
are  summarized in  Table ( 5 .2 ) .
Table 5.2 Phonon Grouping 
(Symmetry and P o la r i z a t io n )
S c a t t e r in g Phonon Phonon Groups
Process Symme t ry High Energy Low Energy
r-L All
L-phonons
LA+LO+TO TA
r - x All
X-phonons
LA+LO+TO TA
L-L LO and LA 
X-phonons
LA+LO -
L-X All
L-phonons
LA+LO+TO TA
x-x LA
X-phonons
LA -
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The coupling cons tan t  D rep re sen ts  the amount of energy per 
u n i t  l a t t i c e  displacement.  I t  i n d i c a t e s  the s t r e n g th  of e l e c t r o n -  
phonon i n t e r a c t i o n ,  and w i l l  in  general  depend on the phonon symmetry 
and p o l a r i z a t i o n ,  and a lso  on the e l e c t r o n  wave func tions  [66] in t h e i r  
i n i t i a l  and f i n a l  s t a t e s .  This i s  apparen t from the m a t r ix  element [81] 
used to c a lc u la te  the coupling co n s ta n ts .  Fur ther  more, as a d i r e c t  
r e s u l t  of the i n v a l i d i t y  of the s e l e c t i o n  ru le s  a t  lower symmetry 
po in t s  in the conduction band, the coupling cons tan ts  are be l ieved  to 
vary with  e l e c t ro n  energy [66] ,  s ince  the c o n t r ib u t io n  from the forbidden 
phonons i s  expected to become l a r g e r  and th a t  from the allowed phonons 
to become smal ler  as the energy in c re a s e s .
Electron-phonon i n t e r a c t i o n  may be screened by the valence 
e le c t ro n s  ( p a r t i c u l a r l y  a t  low f i e l d s )  and thereby reduced in  s t r e n g th .
The screened coupling cons tan ts  are  the re fo re  expected to be weaker than 
the unscreened ones.  C a lcu la t io n  of the coupling constan ts  a ssoc ia ted  
with  var ious  t r a n s i t i o n s  o f  i n t e r e s t  in  Ge, Si and GaAs has been b r i e f l y  
descr ibed  by Herber t  e t  a l , ,  [81] ,  and a d e t a i l e d  d i scuss ion  of the 
theory has been given by Herber t  [82].  The c a lc u l a t i o n s  fo r  Ge and Si are 
of p a r t i c u l a r  i n t e r e s t  s ince  L-L s c a t t e r i n g  r a t e  in  Ge and X-X s c a t t e r i n g  
r a t e  in  Si are  r e a d i ly  a v a i l a b le  from exper imenta l  da ta ,  and a d i r e c t  
comparison between theory and experiment could b e s t  be made. While the 
theory appears to give reasonable  es t im ate  fo r  S i ,  there  i s  a discrepancy 
of one order of magnitude fo r  Ge. However, the theory gives again 
reasonable  agreement with the accepted value fo r  the T-L s c a t t e r i n g  in  
InP. I f  we d is regard  the Ge case ,  then the theory appears to be accura te  
w i th in  a f a c t o r  of 2. We th e re fo re  consider the coupling constan ts  to be
5 . 9  I n t e r v a l l e y  C o u p l i n g  C o n s t a n t s
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The coupling cons tan ts  are  r e l a t e d  to the s c a t t e r i n g  r a t e  through 
r e l a t i o n  (4 .14 ) ,  from which i t  can be seen th a t  A^ i s  p ro p o r t io n a l  to
T. .
[D? , /T . . (exp  -  1)} , l j '  i j  r  T
Thus knowing the coupling cons tan t  a ssoc ia ted  with in d iv id u a l  phonons, i t  
i s  p o s s ib le  to c a lc u la te  the e f f e c t i v e  coupling cons tan t  a s so c ia te d  with 
a p a r t i c u l a r  phonon group using the above p r o p o r t i o n a l i t y ,  simply by 
equating  the s c a t t e r i n g  r a t e s .
A high coupling cons tan t  does no t  n e c e s s a r i l y  mean a high s c a t t e r i n g  
r a t e ,  s ince  the phonon temperature  and occupation p r o b a b i l i t y  are impor tant 
in  determining the s c a t t e r i n g .  For example a low energy phonon with  weak 
coupling may lead to h igher  s c a t t e r i n g  r a t e  than a high energy phonon with 
s t rong  coupling.  I t  i s  t h e re fo re  d i f f i c u l t  to compare coupling cons tan ts  
a ssoc ia ted  with  d i f f e r e n t  phonon e n e rg ie s ,  but t h i s  d i f f i c u l t y  can be 
surmounted i f  the coupling constan ts  are r e f e r r e d  to one phonon temperature .  
The e f f e c t i v e  coupling cons tan t  a s so c ia t e d  with a r e fe rence  phonon 
temperature  can be simply c a lc u la te d  by equat ing the s c a t t e r i n g  r a t e  due 
to the o r i g i n a l  phonon and i t s  coupling constan t  with the s c a t t e r i n g  r a t e  
a t  the re fe rence  tempera ture .  Assuming a re fe rence  temperature  of 300°K 
then the following r e l a t i o n  i s  v a l i d :
D? .
D2 -  515 .5 x  i i -   (5.17)
V exp3 M _1)
where i s  the e f f e c t i v e  coupling cons tan t  a s so c ia te d  wi th  a r e fe rence  
phonon of temperature = 300°K,
a d j u s t a b l e  w i t h i n  t h e  a c c u r a c y  o f  t h e  t h e o r e t i c a l  e s t i m a t e s .
Both screened and unscreened values  of the coupling constants  
r e l e v a n t  to various  i n t e r v a l l e y  s c a t t e r i n g  processes  in  InP have been 
given by Herber t  e t  a l .  [116].  These values  gave reasonable  f i t  to the 
experimenta l  da ta  concerning the v e lo c i ty  f i e l d  c h a r a c t e r i s t i c  in InP 
and are now w e l l  e s t a b l i s h e d ,  I t  i s  worth n o t i c in g  t h a t  b e t t e r  agreement 
with  experiment has been obta ined wi th  the unscreened values  r a th e r  than 
the screened ones.  The values  of these  coupling cons tan ts  are given in 
Table ( 5 .3 a ) ,  and the corresponding values  a t  a r e fe rence  temperature of  
300°K are  c a l c u l a t e d .using r e l a t i o n  (5.17) and are shown in  Table (5 .3b ) .
S c a t t e r in g
Process
1 Phonon Group 
and Symmetry
Q
Coupling Constants  (10 eV/cm) 
(unscreened)
r-L
I
| LA+LO+TO
L ............< o ............._
TA(L)
13.7
1.4
F-X
LA+LO+TO
(X)
TA(X)
12.54
0.75
L-L
LA+LO
(X)
5.6
- -
L-X
LA+LO+TO
(L)
8.4
TA(L) 1.94
X-X
LA(X) 9.9
- -
T a b l e  5 . 3 a  C o u p l i n g  C o n s t a n t s  f o r  InP [116]
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Table 5.3b Coupling Constants  fo r  InP a t  Reference 
Temperature (300°K)
S c a t t e r in g
Process
Phonon Group
Coupling Constants (108eV/cm) 
(unscreened)
High Energy 9.63
r-L
Low Energy 6.58
L-L High Energy 3.97
No da ta  on the coupling constan ts  in In As i s  a v a i l a b le  in  the 
l i t e r a t u r e .  However, Herber t  [117] has suggested t h a t  they should l i e  
in the middle between those of InP and GaAs. The coupling cons tants  of 
GaAs are given in  Table ( 5 .4 a ) ,  and the corresponding values  a t  300°K 
are c a lc u la t e d  and p re sen ted  in Table (5 .4b ) .  I t  has been suggested 
[118] t h a t  a value of  4 x 108eV cm” 1 fo r  the coupling to the high energy 
phonons could b e s t  agree with  r e c e n t  c a l c u la t io n s  on GaAs [119]. The 
remaining coupling cons tan ts  xvere taken from Ref. [66 and 81] . The 
va lues  of D were assumed to l i e  between D „  T and D„ __ and were takenJLj- a 1 —L 1 —X
as t h e i r  average.
We wish to p o in t  out he re  t h a t  p re l im inary  c a l c u l a t i o n  of the 
v e lo c i ty  f i e l d  c h a r a c t e r i s t i c  fo r  the In AsP a l loys  using coupling 
constan ts  s im i l a r  to those given by Hilsum and Rees [108] which were 
assumed to remain unchanged across  the alloy have shown no s ign  of 
e l e c t r o n  t r a n s f e r  to the X-valleys  up to f i e l d s  wel l  above the th re sho ld .  
S im ila r  c a l c u l a t i o n  using the coupling constan ts  of InP fo r  the a l lo y  has
1S c a t t e r in g
Process
1
Phonon Group 
and Symmetry
Coupling Constants (108eV/cm) 
(unscreened)
i r-L
\
LA+LO+TO
(L)
4
TA(L) 0.5
i
i
r~x
LA+LO+TO
(X)
11
TA(X) 0.61
L-L
LA+LO
(X)
1.8
L-X
LA+LO+TO
(L)
5.5
TA(L) 0.44
x-x
LO (X) 10
_ _
Table 5 .4a  Coupling Constants fo r  GaAs.
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Table 5.4b Coupling Constants fo r  GaAs a t  
Reference Temperature (300°K)
S c a t t e r in g
Process
Phonon Group
Coupling Constant (108eV/em) 
(uns creened)
High Energy 4.13
r-L
Low Energy 2.62
L-L High Energy 1.82
a lso  shown no t r a n s f e r  to the X-valley s .  We hence concluded th a t  pa ra -
meters r e l a t e d  to the X-valleys  are unimportant fo r  the dete rmination  
of the th resho ld  p o in t .  We cons ider  the most r e l e v a n t  coupling cons tan ts  
are those involv ing the L-va l leys  i . e .  and ^L-L*
In order  to determine the coupling constants  of In As, we i n t e r ­
p o la te  l i n e a r l y  between the coupling constants  a t  the r e fe rence  tempera­
tu re  (300°K) in  GaAs and InP and take the average va lue .  Linear  i n t e r ­
p o la t io n  of the s c a t t e r i n g  r a t e s  has a lso  been at tempted,  and thex values 
obta ined were c lose enough to those obta ined by the f i r s t  method. The 
coupling constan ts  of  In As a t  300°K were then r e f e r r e d  back to t h e i r  
proper  phonons. These values  are shown in  Table ( 5 .5 ) .
The coupling constan ts  of the a l lo y s  were obta ined by a s im i l a r  
procedure and t h e i r  values  are given in Table (5 .6 ) .
-  9 2  -
S c a t t e r in g  ■ Phonon GroupI
Process and Symmetry
Coupling cons tan t  (108eV/cm) 
(unscreened)
-
LA+LO+TO
(L)
5.9
r-L
TA(L) 1.33
i
r - x
LA+LO+TO
(X)
11.77
TA(X) 0.54
2.23
L-L
LA+LO
(x)
L-X
LA+LO+TO
(L)
7.45
TA(L) 1.19
X-X
LA(X) 10
L-------  “
Table 5.5 Coupling Constants fo r  In As
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S c a t t e r in g Phonon Group X
Process and Symmetry 0 .3 0.45 0.6 0. 8 1.0
(la+lo+to) l 7.82 8.91 10.11 11.87 13.7
T-L
' . <TA>L 1.38 1.39 1.4 1.40 1.4
r - x
(1A+L0+T0)v
X
12.17 12.21 12.25 12.4 12.54
(TA)X 0.45 0.52 0.58 0. 66 0.75
(LA+LO)x 2. 78 3.23 3.75 4.50 5.6
L-L
— _ _
L-X
(LA+LO+TO)l 7.65 7.3 8 8.2 8.4
(TA)l 1.4 1.47 1.54 1.74 1.94
(LA) X 9.9 9.9 9.9 9.9 9.9
x-x
- - ...........
- - - - - -
Table 5.6 Coupling Constants fo r  the In As1 _ P.. a l loys1 * * J_— X X
( 108eV/cm)
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CHAPTER 6 
EXPERIMENTAL TECHNIQUES
6.1 High Pressure
The apparatus used in  th i s  work was developed by the STL High 
P ressure  Group fo r  Hall  e f f e c t  and r e s i s t i v i t y  measurements and c o n s i s t s  
of a p i s  to n -cy l in d e r  device f o r  t r u l y  h y d r o s t a t i c  p re ssu re  measurements 
to 18 lc-bar [120],  and a Bridgman opposed a n v i l  device fo r  q u a s i ­
h y d r o s t a t i c  p re s su re  measurements to 90 lc-bar [121, 122], F ig .  (6.1a) 
shox<rs the 500 ton h yd rau l ic  p ress  i n s t a l l e d  a t  STL High P ressu re  
Labora to ry ,  and Fig .  (6.1b) shows the p i s to n  and c y l in d e r  appara tus .
6 .1 .1  The Bridgman opposed-anvil  appara tus
Fig .  (6,2) shows a schematic diagram of the exper imenta l  assembly. 
The a n v i l s  used were made of tungsten carb ide  and were 3.8  cm in  diameter 
with a 6° taper  leading to 1.6 cm diameter f l a t s .  High speed too l  s t e e l  
(10% CO) anv i l s  could a lso  be used, bu t  tungsten carbide was p re fe r r e d  
s ince  the h igher  c o m p re ss ib i l i ty  of s t e e l  l im i t s  i t s  use to 70 k -bar .  
However, s t e e l  would have been p r e f e r r e d  i f  the a p p l i c a t io n  of h igher  
magnetic f i e l d  was des i red  s ince  tungs ten carb ide  s a tu r a t e s  magnet ica l ly  
a t  8 lcG while  f i e l d s  as h igh as 15 kG could be used with  s t e e l .  Mild 
s t e e l  j a ck e t s  of 10,2 cm diameter provide suppor t  fo r  the anv i l s  while  
a c t in g  as a le ss  r e l u c t a n t  pa th  fo r  magnetic f lux .  The .Magnetic f i e l d  
c o i l s  which c o n s i s t  of 600 turns  of  24 s .w .g .  Cu wire are j a c k e t in g  the 
a n v i l s ,  as shown in  Fig.  (6.2) and supply the magnetic f i e l d  necessary  
fo r  Hal l  e f f e c t  experiments.  Load was appl ied by the 500-ton p ress  to
F I G . 6 - 1 a  5 0 0 - t o n  p r e s s  i n s t a l l e d
a t  S T L
-  96  -
F
IG
. 
6
-1
b
 
P
is
to
n
 
an
d 
c
y
li
n
d
e
r 
a
p
p
a
r
a
tu
s
-  97  -
DIE SET
F I G U R E  6 - 2  C r o s s  s e c t i o n  o f  o p p o s e d  a n v i l
h i g h  p r e s s u r e  a p p a r a t u s
the an v i l s  through a mild s t e e l  four column die  s e t .  The die s e t  a lso  
completes the magnetic c i r c u i t ,  and i s  magnet ica l ly  in s u l a t e d  a t  the 
top and bottom from the p ress  by syndanio pads.  In  th i s  arrangement,  
measurements can be made to low temperatures by pumping l i q u id  n i t rogen  
through copper c o i l  surrounding the a n v i l s .
A s t r a i n  gauge lo a d - c e l l  i s  used to measure the load which can be 
read d i r e c t l y  o f f  the gauge d i a l  and a lso  recorded on a c h a r t  p l o t t e r .
6 .1 .2  The high p res su re  s o l i d  c e l l
The sample to be p r e s s u r i s e d  i s  encapsula ted in  epoxy r e s in  a t  the
cen t re  of an MgO r in g ,  as shown in  F ig ,  (6 .3 ) .  Grooves are f i r s t  cut  to
h a l f  the h e ig h t  of  the r ing  to accommodate sample leads and thermocouple i f  
req u i red .  The r in g  is  then p laced  on a shee t  of Mylar with the sample a t
i t s  cen tre  and the leads sea ted  in  t h e i r  grooves.  Epoxy r e s i n  i s  used to
f i l l  the space surrounding the sample w i th in  the r ing  and i s  allowed to 
flow i n to  the grooves to provide i n s u l a t i o n  fo r  the leads .  Care should 
be taken to e l im ina te  any a i r  bubbles s ince  they provide  s t r e s s  concen­
t r a t i o n  leading  to p o s s ib le  f r a c t u r e  of the sample. Another shee t  of 
Mylar is  p laced  on top of the c e l l ,  and the c e l l  i s  then clamped between 
the two Mylar sheets  and cured a t  80°C fo r  two hours and 120°C fo r  about 
twentytwo hours .  A f te r  cu r in g ,  the Mylar sheets  are removed and both s ides  
of the c e l l  are roughened on abras ive  paper  and p a in te d  with  a d i spe r s ion  
of j e w e l l e r s ’ rouge in  methanol. A f te r  evaporation  of the methanol, the 
rouge provides a uniform coat ing  with high f r i c t i o n  to p reven t  s l ip p in g  
on the a n v i l s .  The c e l l  i s  then s i t u a t e d  c e n t r a l l y  between the anv i l  
f l a t s  a f t e r  i n s u l a t i n g  the e l e c t r i c a l  leads .  Two sheets  of Mylar,
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0.01 mm th ic k ,  in  which holes  are cu t to the s iz e  of the c e l l ,  are used 
to  sandwich the leads .  These provide both e l e c t r i c a l  i n s u l a t i o n  and 
support  fo r  the th in  wire .
In th i s  s o l id  p re s su re  c e l l ,  the unloaded epoxy r e s in  acts  as the 
p ressure  t r a n sm i t t in g  medium. A ppl ica t ion  of load to the c e l l  causes 
the MgO-loaded epoxy r e s i n  gasket to expand, and the t r a n s m i t t in g  medium 
to flow outwards wi th  the expansion of the gasket.  With inc reas ing  load, 
the gasket even tua l ly  "locks on" to the anv i l  face and e x e r t s  p re s su re  
which i s  t ransm i t ted  by the medium to the sample a t  the cen t re  of the 
c e l l .  In th i s  p re s su re  reg ion  of deformation of the s o l id  medium and 
formation of the gaske t ,  the sample i s  sub jec ted  to n on -hydros ta t ic  
s t r e s s e s ,  bu t  above 25 lc-bar the s t r e s s  i s  approximately h y d r o s t a t i c .  
Measurements are p o s s ib le  on loading  only,  s ince  in  most cases ,  samples 
f r a c tu r e  on unloading. This i s  due to the d i f f e r e n t  s t r e s s  systems 
produced by f r i c t i o n  on the loading  and unloading cyc le s .  The non- 
r e v e r s i b l e  gasket formation causes the sample to become sub jec ted  to 
high shear s t r e s s e s  on unloading.
The dimensions of the gasket are  shown in  Fig.  ( 6 .3 ) .  The ou te r  
d iam e te r - to - th ickness  r a t i o  of 10 was chosen to ensure t h a t  the sample 
did no t  f r a c tu r e  before  70 k -b a r .  Gaskets with  smal ler  r a t i o  su f fe red  
large  p l a s t i c  deformation r e s u l t i n g  in  high s t r e s s  d i f f e r en c es  and 
c r y s t a l  f a i l u r e  [121].
As in d ica ted  e a r l i e r ,  the dev ia t ion  from h y d r o s t a t i c  s t r e s s  depends 
on the s iz e  of the sample. For a 2 mm sample, above 25 k -b a r ,  the p re s su re  
i s  h y d r o s t a t i c  to w i th in  2 k—b a r .  This dev ia t ion  i s  caused by a compressive
-  101 -
s t r e s s  below 60 k -b a r ,  and a t e n s i l e  s t r e s s  above 50 k -b a r .
Measurements on l a r g e r  samples have shown la rg e r  dev ia t ions  as a 
r e s u l t  of the d i f f e r i n g  c o m p r e s s ib i l i t i e s  of sample and surrounding 
medium [121].
6 ,1 .3  Pressure  c a l i b r a t i o n  of the s o l i d  c e l l
Pressure  in  the s o l i d  c e l l  i s  c a l i b r a t e d  by observing the load 
requ ired  fo r  Bi and T1 to undergo phase t r a n s i t i o n s .  The t r a n s i t i o n s  
are known to occur a t  25,4 k -b a r  fo r  Bi I - I I ,  76 k -b a r  fo r  Bi V-VI, and 
37 k -bar  fo r  Tl ,  These f ixed  po in ts  on the load-p ressu re  c a l i b r a t i o n  
curve show th a t  the c a l i b r a t i o n  i s  l i n e a r  between ro 25 and ro 90 k -b a r ,
Fig,  ( 6 .4 ) .  The c a l i b r a t i o n  curve with  tungsten carbide anv i l s  i s  
d i f f e r e n t  from th a t  w i th  s t e e l  a n v i l s .  With the s t e e l  a n v i l s ,  h igher  
values  of load are requ i red  fo r  the t r a n s i t i o n s  due to the h igher
co m p ress ib i l i ty  of s t e e l .  Pressure  r e p r o d u c ib i l i t y  was est imated to be
± 2 k -b a r .
The c a l i b r a t i o n  curve a s so c ia ted  with  tungs ten carbide shows th a t
a load of 18 tons i s  requ i red  to produce a p re ssu re  of 25.4 k -ba r .  This
(1 27) 2is  compared with a nominal p re s su re  of 18/-nr ■ ^ 14 ,2  k -b a r ,  which
i n d ic a te s  a p re ssu re  m u l t i p l i c a t i o n  f a c t o r  of ro 1.8 fo r  the s o l i d  c e l l .
The slope of the p re s su re - lo a d  curve in  the region above 25 k -b a r  i s  
ro 1.4 k -b a r / t o n .
The pressu re  in  the region below 25 k-bar  i s  e s t imated  by making 
p ie z o r e s i s t a n c e  measurements on GaAs c r y s t a l s  and comparing the r e s u l t s  
w ith  measurements in  the t r u l y  h y d r o s t a t i c  apparatus [121].  Below 15 k - b a r ,  
pure h y d r o s t a t i c  measurements can be performed in the p i s to n  and cy l inde r
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apparatus  and comparison can be made with measurements in the s o l id  
medium to check t h e i r  v a l i d i t y .
6 .1 .4  The p i s to n - c y l in d e r  apparatus
A schematic diagram of the apparatus  i s  shown in Fig .  (6 .5a ) .  The 
cy l inder  i s  made of hot-worked die s t e e l  and has an o u te r  diameter of 
15 cm and a h e ig h t  of 8.75 cm, This i s  pressed  in to  a s t e e l  r in g ,  of 
ou te r  diameter 37.5 cm, on a 1° taper  angle .  The ou te r  r in g  i s  he ld  
down by s t e e l  s t r a p s  to preven t  i t  r i s i n g  on unloading, and sa fe ty  spacers  
are p laced  between the r ing  and die  to preven t  crushing a t  a sudden 
leakage,  The cy l in d e r  i s  e l a s t i c  to 12 k -b a r ,  with  an expected b u r s t in g  
p ressu re  in  excess of 25 k -b a r .
The thrust p i s t o n ,  Fig.  (6.5b) i s  made of hardened too l  s t e e l  and 
i s  3.8 cm in  diameter .  Leads to c on tac t  terminals  a t  the end of the 
p i s to n  are passed out of the p re s su re  chamber v ia  hardened s i l v e r  s t e e l  
te rminals  ground in to  ceramic s leeves  and then through a hole  in the 
p i s t o n .  Although the paths  fo r  the e l e c t r i c a l  leads through the p i s to n  
provide  regions  of s t r e s s  concen t ra t ion  thereby reducing the p i s t o n ' s  
compressive s t r e n g th ,  i t  i s  expected th a t  the ex t ru s ion  of  the s i l v e r  
s t e e l  te rminals  down the holes  w i l l  be a se r ious  l im i t a t i o n  for  t h i s  ■ 
design a t  h igher  p re s su res  [83],
The p i s to n  face accommodates e ig h t  s i l v e r  s t e e l  t e rm in a ls ,  which 
are evenly d i s t r i b u t e d  round the p i s to n  face.  At i t s  c en t r e ,  a manganin 
gauge and a t e r o i d  are i n s t a l l e d ,  and are  connected to four  of the 
te rm ina ls .  The o th e r  te rmina ls  are  fo r  connections to the  sample.
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The l iq u id  t r a n sm i t t in g  medium used is  a 1:1 mixture of amyl 
alcohol and c a s to r  o i l .  This l i q u id  i s  s u i t a b l e  fo r  p re s su re  up to 
18 k -b a r ,  above which i t  f r e e z e s .  Castor o i l  alone f reezes  a t  12.5 
k-b a r .
Seal ing between the p i s to n  and cy l inde r  i s  accomplished by a 
combination of a neoprene u0 - r i n g ,! and a phosphor bronze r in g .  Below 
4 k -b a r ,  the second r ing  i s  e f f e c t i v e l y  out of opera t ion ,  and sea l in g  i s  
achieved so le ly  by the "0 - r in g " .  Above 4 k -ba r ,  the high p ressu re  forces  
the phosphor bronze r in g  to expand and provide e f f i c i e n t  s e a l in g  by 
'X/ 8 k -b a r .  Leakage i s  observed to occur mostly in- the p re ssu re  range 
4->6 k -b a r .  This i s  the reg ion  where the opera t ion  of both r ings  i s  
most i n e f f i c i e n t .  One remedy to th i s  problem i s  to t ry  to a cc e le r a te  the 
opera t ion  of the phosphor bronze r in g  by br ing ing  the p ressu re  quickly  
up to 8 k -b a r s ,  otherwise  p ressu re  has to be re leased  and a change of 
the neoprone r ing  i s  necessa ry .
With in c reas in g  c learance  between the cy l inder  bore and the p i s to n ,  
ex t ru s ion  of the phosphor bronze r in g  and leakage would probably p re sen t  
a se r ious  l i m i t a t i o n  on p re s su re .
P is ton  backing pads are  screwed to the die s e t ,  and a u-groove i s  
mil led  in  the top pad to accommodate the e l e c t r i c a l  leads .
The sample is  connected to the te rminals  on the p i s to n  face ,  and 
i s  immersed in  the l iq u id  medium by p lac ing  the p i s to n  c a r e f u l ly  in to  
the cy l inde r  bore .  Trapping of a i r  i s  minimized by o v e r f i l l i n g  the 
cy l inder  and al lowing some of  the l i q u id  to leak  ou t .  The top die i s  then 
lowered slowly onto the p i s t o n ,  making sure  th a t  the e l e c t r i c a l  leads are
-  107 -
sea ted  c o r r e c t l y  in  t h e i r  groove. This i s  checked by r o t a t i n g  the 
p i s t o n ,  s ince  c o r r e c t  s e a t in g  would allow f r ee  r o t a t i o n .  P ressure  is  
then app l ied  to the die s e t  by the 500-ton p r e s s ,  and measurements are 
made a t  1 k~bar i n t e r v a l s  on in c re a s in g  and decreasing  p r e s su re .  A f te r  
each p res su re  increment,  10 to 15 minutes are  allowed to e lapse  before  
a reading i s  taken, in  order to achieve thermal eq u i l ib r ium .
The magnetic f i e l d  fo r  Hall  measurements i s  suppl ied  by a c o i l  
wound round a to ro id  of h igh q u a l i t y  mild s t e e l .  The c o i l  i s  made of 
870 turns of 0 ,18 mm enamelled copper w i re ,  with  a r e s i s t a n c e  of 23.4 ft,
A cu r ren t  of 55 ma produces a magnetic f i e l d  of 1 ± .03 kG across  the 
0.75 mm to ro id  gap. At t h i s  low c u r r e n t ,  hea t ing  e f f e c t s  on the c o i l  
r e s i s t a n c e  are  n e g l i g i b l e .  The f i e l d  i s  uniform w i th in  5% over a 5 mm 
diameter a t  the cen t re  of the pole  f a c e s ,  which have an a rea  of 
2 x 1.8 cm2 . The e f f e c t  of p re s su re  on the to ro id  magnetic f i e l d  was 
i n v e s t ig a t e d  [120] by measuring the Hall  cons tan t  of n - type  GaAs as a 
func t ion  of p r e s s u r e ,  and i t  i s  concluded t h a t  the e f f e c t  i s  very smal l ,  
p o s s ib ly  not more than 2%.
The p re s su re  i s  monitored by a 100 ft manganin c o i l  coupled to a 
s tandard  br idge  c i r c u i t ,  and i s  suppl ied  by a 2 V b a t t e r y ,  as shown in  
Fig .  ( 6 . 6 ) .  The output of the b r idge  is  connected to the inpu t  of a 
c h a r t  recorder  fo r  record ing  the p re s s u r e .  Before applying p re s su re ,  the 
Bridge is  f i r s t  balanced by a d ju s t in g  the po ten t iom ete r  RQ to give zero 
ou tpu t ,  the output i s  then c a l i b r a t e d  by in t roducing  the r e s i s t a n c e  R^  in to  
the b r idge  and then a d ju s t in g  the po ten t iom ete r  Rj to give an output  of
17.4 mV. R^ s imula tes  the r e s i s t a n c e  of manganin gauge a t  15 k -b a r .  The 
change in  manganin gauge r e s i s t a n c e  with  p re ssu re  i s  0,2473 ft /k-bar .  The 
p ressu re  load curve i s  l i n e a r ,  Fig .  ( 6 . 7 ) ,  with a slope of fe 11.5 k - b a r / t o n .
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F ie lds  in excess of ro 1 lcV/cm are  usual ly  requ i red  to reach the 
th resho ld  fo r  cu r ren t  i n s t a b i l i t i e s  in  semiconductors.  At such high 
f i e l d s  the power d i s s i p a t e d  pe r  u n i t  volume, F2/ p , i s  enormous. For a 
semiconductor with  r e s i s t i v i t y  ro 1 ft cm, the power d i s s i p a t e d  a t  a f i e l d  
of 1 kV/cm amounts to (103) 2/1 = 1 MW/cm3. I t  i s  t h e re fo re  necessary  
with  the type of long samples used in  th i s  work to use s h o r t  pu lses  i f  
such high f i e l d s  are  to be app l ied  to the bulk m a te r i a l .  With pulses  
of dura t ion  10 ns and r e p e t i t i o n  r a t e  of 50 p p s , the power d i s s ip a t e d  
per cycle = 108 x 10~8/2 x 10“ 2 = 0 . 5  w a t t s .  The high f i e l d  measurements 
on the In As P a l loys  were made us ing 30 ns p u ls es .l^X X
F ie ld  non-uniformity  can cause la rge  e r ro r s  in the e s t im at ion  of 
the th resho ld  f i e l d .  Contact  e f f e c t s  and m a te r i a l  non-homogeneity can 
cause the i n i t i a t i o n  of high f i e l d  domains a t  lower vo l tages  lead ing  to 
lower apparent values  of the th re sho ld  f i e l d .  I t  i s  th e re fo re  d e s i r ab le  
to have a homogeneous m a te r i a l  and to perform the measurements in  a reg ion  
f a r  from the con tac ts  and in  which the e l e c t r i c  f i e l d  i s  uniform. A 
homogeneous m a te r ia l  with  H-shape geometry s a t i s f i e s  these  requ irements .
In  the H-shaped sample,  F ig .  ( 6 .8 ) ,  the uniform th in  ba r  forms the a c t i v e  
region in  which the f i e l d  uniformity  w i l l  depend on the uniformity  o f  the 
b a r .  The la rge  con tac t  a reas  are  designed to make the f i e l d  near  the 
con tac ts  much lower than the f i e l d  in  the ba r .  This reduces the p o s s i b i l i t y  
of domain i n i t i a t i o n  a t  the con tac ts  and a lso  i s o l a t e s  the ba r  from f i e l d  
non-uniformity  a t  the c o n ta c t s .
H-shaped samples design co n s id e ra t io n :
H-shaped samples with  la rge  co n tac t  areas  were made by p h o to l i t h o g r a ­
ph ic  techniques .  In the a c t i v e  reg ion  of the samples, the length  to width
6 . 2  High F i e l d  M e a s u r e m e n t s
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r a t i o  i s  an important f a c t o r .  Uniform f i e l d s  were obta ined with  a 
r a t i o  of 4.7 [65],  The minimum length  required  fo r  the formation of 
s t a b l e  Gunn domains i s  determined by the c r i t i c a l  doping length  product 
[123],  and i s  given by:
N L . = - A  . (6 ,1)0 min e i i
where eg i s  the p e rm i t iv i t y  of the semiconductor,  i s  the doping
concen t ra t ion ,  y^ i s  the nega t ive  d i f f e r e n t i a l  m o b i l i t y ,  and i s  the
domain v e l o c i t y .  For InP., assuming y^ = 1000 cm2/V/S [66] then
NrtL . fe 2 x 1011 cm-' 2 , and i f  N = 1016cm” 3, then L . a, 0 .1  ym, This0 mm 0 ’ mm M
is  very smal l ,  and u sua l ly  the length  used i s  s eve ra l  orders  of 
magnitude l a rg e .  A d i s t r u c t i v e  breakdown f i e l d  of the o rder  of 100 IcV/cm 
can be reached w i th in  the domain depending on the length .  The c r i t i c a l  
leng th ,  Lc , above which the breakdown f i e l d  can be reached i s  given by;
3e F2
N L - ^ * 2 2  (6.2)0 c 4e Fj,
where F^ , and F^ are  the th re sho ld  and breakdown f i e l d s  r e s p e c t iv e ly .  For 
InP, fo r  example, F^ , fe 10 kV/cm, FBJ) fe 200kV/cm, and hence NQLc fe 2 x 1013cm“2 
And fo r  a doping concen t ra t ion  of 1015cm“ 3 , Lc fe 200 ym.
6 . 2 . 1  Measurement c i r c u i t
Fig.  (6.9) shows a block diagram of the b a s ic  c i r c u i t  used fo r  high 
f i e l d  measurements. A high tens ion  0-2 lcV power supply i s  used to charge 
up a t ransmiss ion  l i n e  of length  30 ns through a high r e s i s t a n c e .  The 
l in e  i s  connected to the load through a mercury wetted  re l a y  switch which 
opera tes  50 times per  second. When the Reed switch i s  opened, the T.L. 
i s  disconnected from the load and i t  charges up to the vol tage  "Vq" fed
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by the H.T. supply.  Assuming the T.L. i s  terminated in i t s  c h a r a t e r i s t i c  
impedance ZQ a t  the load end, and O.C. a t  the genra to r  end, then when
v0the re lay  swi tch c lo se s ,  a vo l tage  f r o n t  of magnitude + - y  w i l l
propagate  towards the sample and th i s  requ i re s  a vo l tage  of  magnitude
"- Vq/ 2" to t r a v e l  towards the genera to r  thus reducing to one h a l f  the
vo l tage  on the charging l in e  as i t  goes along. When i t  a r r i v e s  a t  the
genera t ion  end, i t  i s  completely r e f l e c t e d  back towards the load without
phase change thus e l im in a t in g  the remaining vo l tage  on the l i n e .  The
a r r i v a l  of the r e f l e c t e d  f r o n t  to the end of the transmiss ion  l in e
completely discharges  the l i n e  and a t  t h i s  i n s t a n t  the vo l tage  supply to
the load i s  c u t - o f f .  The pu lse  dura t ion  thus i s  determined by twice the
time requ i red  fo r  the vo l tage  f r o n t  to t r a v e l  the length  of the l i n e .
Assuming a propagation v e lo c i ty  of 'v, 2 x  108m/s, then f o r  the genera t ion
of  30 n sec p u l s e s ,  a t ransm iss ion  l in e  of length ^ 2 x  108 x  15 x  IO"'9
3 meters i s  req u i red .  The pu lse  r e p e t i t i o n  r a t e  i s  50 p / s  and i s
determined by the Reed swi tching r a t e .  I f  the load mismatches the l i n e ,
then secondary pulses  of sm al le r  magnitudes depending on the amount of
mismatch are generated  which are s epa ra ted  from the main pu lse  by twice
the equ iva len t  length  o f  the load feed l i n e ,  F ig .  (6 .10) .  These secondary
pulses  do not d i s tu rb  the measurement because of t h e i r  small  amplitude and
a lso  they can be s h i f t e d  away from the main pulse  by making the load feeding
l in e  longer .  The amplitude of the main p u l s e ,  however, i s  a l t e r e d  in  the
V
presence of r e f l e c t i o n  and becomes equal to (1 + R ) -rp, where R i s  theX 2 X
r e f l e c t i o n  c o e f f i c i e n t .  And in  the presence of any inductance  a s so c ia ted  
with  the load,  R^ becomes time dependent thus d i s tu rb in g  the f l a t n e s s  of 
the p u l s e .  Also in  the presence of any s t r a y  capac i tance ,  r ing ing  may 
occur a t  the resonance frequency given by 1//LC. By using very sh o r t  leads 
and sh ie ld in g  the sample, i t  was p o s s ib le  to minimize these  e f f e c t s  and
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o b ta in  good f l a t  p u l s e s .  However because r e l a t i v e l y  long wires  are 
requ ired  to be used when the sample i s  s i t u a t e d  in  the high pressure  
appara tus ,  at tempts to improve the pulse  under these condi t ions  was 
necessary .  Reasonable f l a t  pu lses  could be obtained by reducing the 
mismatch and taking the feeding  cable as c lose  as p o s s ib le  to the 
sample when s i t u a t e d  in  the high p ressu re  apparatus .
The vo l tage  and cu r ren t  pu lses  of the sample were fed to the inpu t  
of a Tektronix 5103 N sampling o sc i l lo scope  v ia  50 ft co -ax ia l  l i n e s .  The 
l ines  were of equal length  to allow the a r r i v a l  of both pulses  to the 
o sc i l lo scope  a t  the same time, The osc i l lo scope  was t r ig g e red  
e x t e r n a l l y  by a pulse  taken from the p u l s e r  output before  the load.  The 
t r i g g e r i n g  l i n e  was made of equal  or  s h o r t e r  length than the l ine  
supplying the sample plus  the l ine  from the sample to the scope, to 
ensure t r i g g e r in g  a t  or before  the a r r i v a l  of the cu r ren t  and vol tage  
p u ls e s ,  A MWS Coax-42 switch i s  incorpora ted  to enable switching, the 
pulse  u n i t  to a 50 ft dummy load when d e s i r ed .  A t tenuators  were used a t  
the inpu t  to the o sc i l lo scope  to keep the s igna l  l e v e l  w i th in  the 
maximum allowed l i m i t ,
The sampling p o in t  was chosen towards the end of the p u ls e ,  and 
the I-V c h a r a c t e r i s t i c  was t raced  and recorded on a (Bryans 29000 A4) 
x-y p l o t t e r ,  The accuracy of the d isp lay  on the o sc i l lo scope  screen 
i s  given by the manufacturer as < ± 3%, whereas the e r r o r  from the 
char t  p l o t t e r  i s  < ± 1%. ,
Measurements of the low f i e l d  r e s i s t a n c e  of the samples toge ther  
with high f i e l d  measurements were made p o s s ib le  by employing a r e lay  
swi tching c i r c u i t  as shown in  Fig .  (6 ,11) .  The sample was connected to
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the low -f ie ld  c i r c u i t  by switching on the re lay  which i s  opera ted 
from a 10 V dc power supply.  The i n t r o d u c t io n  of the r e lay  a t  f i r s t ,  
degraded the q u a l i t y  of the p u l s e ,  p o s s ib ly  due to mutual inductance 
and s t r a y  capacitance l ink ing  the re lay  c o i l  with the high f i e l d  
c i r c u i t .  Care was taken to s h ie ld  the c o i l .
6.3 Low-Field Measurements
Standard Van der Pauw [124] technique was used fo r  combined Hall 
e f f e c t  and r e s i s t i v i t y  measurements.  The c l o v e r - l e a f  shaped samples 
are r e l a t i v e l y  easy to prepare  and most convenient fo r  use in  the h igh 
p res su re  appara tus .  The c i r c u i t  employed fo r  these measurements a r e .  
shown in  Fig ,  (6 .12a) .
A constan t  c u r ren t  of 1 mA i s  passed through the sample and i s  
fed from a bank of b a t t e r i e s  through a 10 left r e s i s t a n c e  box and a 
d i g i t a l  mul timeter fo r  monitoring the c u r r e n t .  The output  vol tage  from
the sample was measured by a Keithley  172 d i g i t a l  mult im ete r .  A 4 -por t /12
terminal switch was in troduced in to  the c i r c u i t ,  which allowed measurements 
to be made on a l l  s ides  of the c l o v e r - l e a f  sample and with  c u r r e n t  r e v e r s a l .
The samples used had e p i t a x i a l  l ay e r  of th ickness  g r e a t e r  than 10 pm.
In a 2 mm c l o v e r - l e a f ,  the sm a l le s t  dimension across which c u r re n t  passes  
i s  ro 0.5 mm, so with a c u r r e n t  of 1 mA, the cu r ren t  dens i ty  i s  1 A/cm2 , the 
power d i s s ip a te d  ( J 2p) 2 watt /cm3 , and no hea t ing  e f f e c t s  are  observed.
The Hall  vo l tage  was measured in  the presence of a magnetic f i e l d
of 1 KG from the to ro id  descr ibed  e a r l i e r ,  and the Hall  cons tan t  i s  
determined from the r e l a t i o n ,
Rjj = VRd / B I  = -  r / n e  ( 6 . 3 )
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where Vu i s  the Hall  v o l t a g e ,  d i s  the sample th ickness ,  B i s  the 
magnetic f i e l d ,  and I  i s  the sample c u r r e n t .  The average of four 
measurements of the Hall  vo l tage  with r e v e r sa l s  of I  and B, was taken 
to cancel out extraneous vo l tages  which may be caused by con tac t  e f f e c t s .  
S im i la r ly ,  fo r  r e s i s t i v i t y  measurements, the average of four readings 
with cu r ren t  r e v e r s a l  was taken, and the r e s i s t i v i t y  "p" was c a lcu la ted  
from the formula [124]:
P =
ird r V  + V  i  AB , CD BC,DA f
r V  x AB, CD
Un2 2v K c , daJ
(6.4)
where V^g ^  is  the vo l tage  across  CD due to the flow of c u r re n t  I  through 
AB, Fig .  (6 .12b) ,  and Vg^ , ^  i s  s i m i l a r l y  def ined .  The f a c to r  f  i s  a 
func t ion  of  the r a t i o
AB, CD
VBC,DA/
only ,  and f fe 1 i s  accura te  w i th in  1% fo r  r a t i o s  less  than 1.5.
The d r i f t  m ob i l i ty  y^ i s  c a lc u la t e d  from the r e l a t i o n
D
_H
r
.A
BI
V,
(6.5)
where y^ i s  the Hall  m o b i l i t y ,  and r  i s  the s c a t t e r i n g  f a c t o r  which 
depends on the c a r r i e r  mean f ree  time mt" and the re fo re  depends on the 
s c a t t e r i n g  mechanisms p r e s e n t ,  r  = 1.93 [125] fo r  ionized impurity 
s c a t t e r i n g ,  and fo r  p o la r  o p t i c a l  s c a t t e r i n g  Rode [126]has' shown th a t  
i t  i s  a func t ion  of  T^/T, where T^ i s  the p o la r  temperature and T is  
the room temperature .  At room temperature r  fe 1.24 fo r  InP [126] and 
fe 1.12 fo r  In As [126]. For a l l  s c a t t e r i n g  mechanisms, r  tends to 1
-  1 2 0  -
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when pB >> 1 [127].  For InP wi th  a m obi l i ty  of 4000 cm2/V/S, a 
magnetic f i e l d  of the o rder  of  ro 100 KG i s  requ i red  to s a t u r a t e  the 
m ob i l i ty  and make r  = 1, In  As with  a h igher  m obi l i ty  c l e a r l y  requ i re s  
lower magnetic f i e l d s .
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CHAPTER 7
PRESSURE DEPENDENCE OF LOW FIELD ELECTRON TRANSPORT IN
In As - P ALLOYS1-x x
7.1 In t roduc t ion
As has been discussed  in  Chapter 2, both In  As and InP have 
s im i l a r  band s t r u c t u r e s  with a d i r e c t  band gap a t  k = 0.  The 
conduction bands being non-parabo l ic  b u t  i s o t r o p i c  around the 
B r i l l o u i n  zone c en t r e .  In As with a small  band gap of 0.35 eV 
and low e f f e c t i v e  mass = .022 mQ has a correspondingly high 
m obi l i ty  of ^ 30.000 cm2/V/s [4 ] .  InP in  c o n t r a s t  has a l a rg e r  
gap of 1.35 eV and hence a h eav ie r  e f f e c t i v e  mass of ,079 mQ and 
a smal ler  m ob i l i ty  a. 4000 cm2/V/s [128,4] .  Low temperature 
measurements on pure In As and InP showed th a t  the m ob i l i ty  of 
e l e c t ro n s  in  these  compounds is  determined over a wide temperature  range 
by p o la r  o p t i c a l  s c a t t e r i n g  [4 ,95 ] ,  and good agreement between 
theory and experiment i s  ev iden t  in  both cases .
Mobili ty  measurements a t  atmospheric p ressu re  in  the In  As, Pl^X X
a l lo y s  have been repor ted  [129,130,131] .  These show th a t  the v a r i a t i o n  
of the m obi l i ty  with composit ion follows a curve s im i l a r  to th a t  
c a lc u la te d  fo r  the po la r  o p t i c a l  m o b i l i ty  [38],  the exper imental  curve,  
however, appear to be s i g n i f i c a n t l y  lower than the p o la r  m o b i l i t y .  This 
probably i n d ic a te s  the importance of impurity  s c a t t e r i n g  in  these 
a l l o y s .  In a study of the m ob i l i ty  in  In As, P a l l o y s ,  Ehrenreich [38],Jl X  X
c o n c l u d e d  t h a t  a l l o y  s c a t t e r i n g  a r i s i n g  f rom t h e  d i s o r d e r  o f  t h e  l a t t i c e
-  1 2 3  -
does not play a dominant ro le  in  determining the e l e c t r i c a l  p ro p e r t i e s  
of these  a l l o y s .  The unimportance of a l loy  s c a t t e r i n g  in  the In As, P
l ^ X  X
a l lo y s  has a lso  been poin ted out by Thompson and Wagner [129]. Recently 
Harr ison and Hauser [137] have included a l lo y  s c a t t e r i n g  in  c a l c u l a t i n g  
the m obi l i ty  fo r  the In  As, P a l l o y s ,  However, i t  i s  d i f f i c u l t  to
I —X  X
decide on the importance of a l lo y  s c a t t e r i n g  from t h e i r  c a lc u l a t i o n  
due to the large discrepancy between t h e i r  r e s u l t s  and the exper imenta l  
da ta .
a
Under the inf luence  .of h y d r o s t a t i c  p re s su re ,  both E and m
8 0
increase  and the m obi l i ty  i s  th e re fo re  expected to decrease  with
inc reas ing  p re s su re .  This decrease  in  m ob i l i ty  has been observed in
both In As [ 132] and InP [133]. Analysis  of the m obi l i ty  da ta  fo r
InP [133] showed a decrease  with inc reas ing  pressu re  which i s  c o n s i s t e n t
with the expected change in  po la r  o p t i c a l  mobi l i ty  when a p ressu re
c o e f f i c i e n t  of 11 x 10~3eV/k-bar i s  assumed for  the r , minimum. Inlc
In As [132], agreement wi th  the theory was observed only fo r  the 
r e l a t i v e l y  pure m a te r i a l ,  whi le  fo r  the impure samples the observed 
change was s i g n i f i c a n t l y  smal ler  than the c a lc u la te d  one. An i n t e r e s t i n g  
observat ion  i s  the rap id  decrease  in  mobi l i ty  a t  h igher  p re ssu res  
occurring in  both In As and InP. While, in  InP such a rap id  decrease was 
caused by e l e c t r o n  t r a n s f e r  to the X-valleys  as the X-valleys  become 
lowest ,  the cause fo r  th i s  sharp drop in  In As i s  not ex ac t ly  known. 
However, i t  has been suggested by P i t t  and Vyas [132] t h a t  t h i s  may. be 
expla ined  by the presence of e i t h e r  space charge s c a t t e r i n g  or an 
in c reas in g  hole  co n cen t ra t ion .
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No measurements were repor ted  fo r  the behaviour of m obi l i ty  
under p ressure  in  the In ASj_x P^ a l l o y s .  In th i s  chap te r ,  we 
p re sen t  the r e s u l t s  of  our measurements on the p ressure  dependence of 
the m obi l i ty  and t h e i r  a n a ly s i s ,
7.2 M ate r ia l  Growth and C h a r a c te r i s a t i o n
Single c r y s t a l  In As, InP, and In As, P layers  were grown onX**"X X
sem i- in su la t in g  InP (lOO)-subs t ra tes  by vapour d epos i t ion .  D e ta i l s  of 
t h e i r  growth and p re l iminary  measurements of t h e i r  c h a r a c t e r i s a t i o n  
have already been given [134]. The l a y e r s ,  whose composit ion was 
determined by X-ray microprobe and l a t t i c e  parameter measurements, 
va r ied  in  th ickness  from s l i c e  to s l i c e  from 10 to 40 ym, A ty p ic a l  
microprobe p r o f i l e ,  ob ta ined by scanning along a cleaved edge of a 
sample, i s  shown in Fig .  (7 .1 ) ,
Deta i led  measurements of the Hall  e f f e c t  were made a t  0.5 T and 
the r e s u l t s  are shown in  Fig .  ( 7 ,2 ) ,  The Hail mobi l i ty  was found to  
inc rease  with  decreasing phosphorus content from about 3500 cm2/V/s 
in  InP to about 12500 cm2/V/s in  In  As, The f ree  e l e c t r o n  concen t ra t ion  
increased  from approximately 6 x 1015c n f3 in  InP to about 2 x 1016cm“ 3 
in  In As. Analysis of the m obi l i ty  da ta  using E h ren re ich !s theory [25] 
fo r  p o la r  o p t i c a l  s c a t t e r i n g  and Brooks-Herring formula [26] fo r  ionized 
impuri ty  s c a t t e r i n g ,  i n d ic a te s  t h a t  the t o t a l  dens i ty  of s c a t t e r i n g  cen tres  
v a r ie s  from about 1016cm~3 in  InP to above 1 x 1017cm~3 in  In  As, showing 
th a t  the layers  were qu i te  h igh ly  compensated. "
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f o r  n - t y p e  I n A s , ^  px .
E x p e r i m e n t a l  p o i n t s  ( ® )
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Hall  e f f e c t  measurements us ing the van der Pauw technique were 
made in  the p i s to n  and c y l in d e r  apparatus  to 15 k -b a r .  D escr ip t ion  
of the apparatus has a lready been given in  Chapter 6. C lo v e r - lea f  
samples with  d i f f e r e n t  phosphorus content  and with dimensions of 
5 mm x 5 mm were used. Thin copper wire was so ldered to the samples 
con tac ts  which were made by a l lo y in g  in  small  t i n  do ts .  The contac ts  
were less  than 0.5 mm in  d iameter .  The e r r o r  in  measuring p and p 
due to the f i n i t e  s ize  of these  con tac ts  i s  es timated to be < 4%. 
Measurements on a l l  s ides  of each sample were observed to be f a i r l y  
symmetrical ,  and the f a c to r  f  [124] was found to l i e  between 0,98 and 
1 fo r  a l l  samples considered.  I t  was a lso  observed th a t  the value of 
f did not show any s i g n i f i c a n t  change with p re s su re .  The Hall e f f e c t  
measurements' were made a t  p re s su re  increments of one k -bar  both on 
loading and unloading.  Most samples showed no h y s t e r e s i s  and re ta in ed  
t h e i r  o r i g i n a l  p r o p e r t i e s  upon removal of p re s su re .  Samples which 
showed h y s t e r e s i s  are d iscussed  i n d iv id u a l ly .
In order to determine the d r i f t  m ob i l i ty  which i s  r e l e v a n t  to the 
study of high f i e l d  t r a n s p o r t  p ro p e r t i e s  [135], Hall  e f f e c t  measurements 
a t  high magnetic f i e l d s  were made, from which the s c a t t e r i n g  f a c t o r  r  
was determined. The Hall  m obi l i ty  was measured to 9 T, bu t  above 6 T 
i t s  value was found to have s a tu r a te d  giving  a d i r e c t  measure of the 
d r i f t  m ob i l i ty .
7 . 3  E x p e r i m e n t a l  T e c h n i q u e s
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7.4 Experimental  Resul ts
7 .4 .1  Observations
In a l l  samples an inc rease  in  r e s i s t i v i t y  with inc reas ing  
p ressu re  was observed, which i s  caused by a decrease in bo th ,  the 
mobi l i ty  and c a r r i e r  co n cen t ra t ion .  Figure (7,3) shows the v a r i a t i o n  
of the m obi l i ty  and c a r r i e r  concen t ra t ion  with p ressu re  to 15 k -b a r ,  
both on loading and unloading . The measurements are  on a sample of 
x = 0 ,20,  and the main f ea tu re s  of Fig .  (7,3) are ty p ic a l  of o ther  
a l loy  composit ions.
Only two samples of composit ions x = 0.2 and x = 0.3  were 
observed to have la rge  h e s t e r e s i s  in  the r e s i s t i v i t y  and c a r r i e r  
concen tra t ion  bu t  no s i g n i f i c a n t  h y s t e r e s i s  was observed in  the 
m o b i l i t i e s .  When the p re ssu re  was removed, the m o b i l i t i e s  iii the 
two samples almost re ta in ed  t h e i r  o r i g i n a l  va lues  while the 
r e s i s t i v i t y  has increased  by a f a c t o r  of 2.5 for the x = 0.2 sample 
and a f a c t o r  of 2 fo r  the x = 0,3  sample. This inc rease  in  
r e s i s t i v i t i e s  i s  apparen t ly  due to a permanent decrease in  the 
c a r r i e r  concen t ra t ions .  The r e s u l t s  fo r  the x = 0.2 sample are 
demonstrated in  Fig.  ( 7 .4 ) .  Comparison of Figures 7.3 and 7.4 shows 
t h a t  the change in  m ob i l i ty  to 15 k -bars  i s  the same in  both cases 
while  the change in  r e s i s t i v i t y  and c a r r i e r  concen tra t ion  i s  s i g n i f i c a n t l y  
l a rg e r  fo r  the sample shown in  Fig .  7 .4 .  We think th a t  the behaviour 
in  t h i s  sample i s  a s soc ia ted  with  the presence of la rge  dens i ty  of 
d i s lo c a t io n s  and t h e i r  i n t e r a c t i o n  under p re s su re .
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Measurements of the Hall  m o b i l i t i e s  to 9 T showed t h a t  a t  0,2 T,
. r  fo r  the a l loys  lay between 1.069 in  InP and 1.3 in In As F ig .  (7 .5 ) .  
The inc rease  in  r  from i t s  va lue  in  InP to t h a t  in In As may be r e l a t e d  
to the inc rease  in  impuri ty cen t res  with  decreasing  phosphorus con ten t ,
r  has been shown to depend on the r a t i o
7 . 4 . 2  The s c a t t e r i n g  f a c t o r  r
of the t o t a l  and ion ized  impuri ty  m o b i l i t i e s  [125], where the t o t a l  
m obi l i ty  i s  due to  l a t t i c e  and impurity  s c a t t e r i n g s .  Such dependence 
in d ic a te  t h a t  as
in c r e a s e s ,  r  f i r s t  dec reases ,  from i t s  va lue  when only l a t t i c e  s c a t t e r i n g  
i s  p r e s e n t ,  to un i ty  when
Htt
■— £ 0 . 1 5  , .
M I
and then inc reases  to % 1.96 when only impuri ty s c a t t e r i n g  i s  p re s en t .  
Also,  the values  of r  a s so c ia ted  with l a t t i c e  s c a t t e r i n g  have been 
c a lc u la te d  [126] as a func t ion  of
fo r  a number of  compounds, and fo r  In  As and InP a t  room temperature 
these  values  are 1.12 and 1.24 r e s p e c t iv e ly .
Comparison of our measured values  of r  with those c a l c u l a t e d  by 
Rode [126],  shows th a t  f o r  InP the measured value i s  l e s s  than th a t  due
-  132. -
X
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to l a t t i c e  s c a t t e r i n g ,  and fo r  In As i t  i s  s i g n i f i c a n t l y  g r e a t e r .
This discrepancy may be accounted fo r  by the presence of impurity 
s c a t t e r i n g  which i s  not included in  Rode’ s c a l c u l a t i o n s .  The impurity 
s c a t t e r i n g  being r e l a t i v e l y  small  in InP with  r  = 1.07 in d ic a te s  tha t  
r  i s  probably c lose to the minimum p red ic ted  by the theory [125],
While in  In As, impurity s c a t t e r i n g  i s  la rge  and r  i s  expected to be 
wel l  above the minimum. We have c a lc u la te d  the values of corresponding 
to the measured samples and p l o t t e d
uH
r  vs —
which i s  shown in  Fig.  (7 .6 ) ,  and i s  in  reasonable  agreement with the 
theory [125].
The s c a t t e r i n g  f a c to r  was measured fo r  one of the two samples 
which showed h e s t e r e s i s  (namely the x = 0.2  sample).  This was found to 
be = 2, which i s  c lose  to the value of r  due so le ly  to ion ized  impurity 
s c a t t e r i n g .  However a t  t h i s  high a r s en ic  composit ion,  the energy gap 
i s  small  and the semiconductor would become degenerate be fore  such a 
high value of r  i s  reached. In such circumstances r  would decrease 
r a t h e r  than inc rease  tending to  1 in  the degenerate case [126], D is loca t ions  
are  known to  occupy s t a t e s  deep in  the forbidden gap [16] and the re fo re  
they may not con t r ib u te  to degeneracy. I t  may be th a t  they are the cause 
of t h i s  high value of r .  As shown in  Fig .  (7 .4 ) ,  the m ob i l i ty  change 
with  p re ssu re  in  t h i s  sample i s  s im i l a r  to the change observed in  the normal 
samples which suggests  t h a t  the s c a t t e r i n g  mechanism a ssoc ia ted  with '
d i s lo c a t io n s  in  t h i s  sample i s  probably a weak one so t h a t  i t  does not 
in f luence  the m obi l i ty  and i t s  change with  p re s su re .  However f u r th e r  
experiments are requ i red  to confirm or dismiss th i s  argument.
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Fig .  7.7 shows the change in  c a r r i e r  concen t ra t ion  with p re ssu re  
fo r  the a l l o y s .  The h o r i z o n ta l  s ca le  in d i c a t e s  both p re s su re  and 
phosphorus content assuming 1% in c rease  in  phosphorus con ten t  i s  
eq u iva len t  to 1 k -ba r  in c rease  in  p r e s su re .
7 , 4 . 3  C a r r i e r  c o n c e n t r a t i o n
These r e s u l t s  show a decrease in  c a r r i e r  concen t ra t ion  with 
in c reas in g  p ressu re  which i s  due to t rap  out to impur ity  l e v e l s .  
C a lcu la t ion  of  the p re s su re  c o e f f i c i e n t s  of the leve l s  from the model:
N,
+ < p> *  kT liH o T
p(p) ' m*(p) '
(p(°) , m1’* (0) c
3/,
(7.1)
gave values  which l i e  between 3 x 10“ 3 and 5 x IO” 3 eV/k-bar fo r  the 
a l l o y .  These c o e f f i c i e n t s  are  much h ighe r  than those of  shallow impuri ty  
leve l s  showing th a t  the trap  le v e l s  are  deep r e l a t i v e  to the minimum. 
In f a c t ,  the trap le v e l s  may be a s s o c ia t e d  with the L-va l leys  due to 
s i m i l a r i t y  between t h e i r  p re s su re  c o e f f i c i e n t s  and t h a t  of the L -v a l l ey s .  
In the above model, i s  the t rap  energy with  re sp ec t  to the minimum.
is  the t rap  d e n s i ty ,  and is  taken equal to the es t imated  dens i ty  of 
donors,  g i s  the degeneracy of the l e v e l  which i s  assumed equal to 1.
p(p)
P (0)
i s  the normalized r e s i s t i v i t y  a t  p re s su re  P. 
mc P 1
mc (0)
a c c o u n t s  f o r  t h e  c h a n g e  i n  m o b i l i t y  w i t h  p r e s s u r e ,  a s s u m i n g  p o l a r  o p t i c a l
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s c a t t e r i n g .  In  our c a l c u l a t i o n ,  the measured change in  m obi l i ty  with 
p re ssu re  was s u b s t i t u t e d  fo r  t h i s  term.
In  order to determine whether the traps  l i e  below or above the 
r minimum, low temperature Hall  e f f e c t  measurements to 120°K were 
made. The r e s u l t s  fo r  a sample with  composit ion x = 0.1  a re  shown in  
Fig .  (7 .8 ) .  The s c a t t e r i n g  f a c t o r  fo r  t h i s  sample was a lso  measured 
to 120°K, and i t s  change with  temperature  has been taken i n to  account,
The t rue  c a r r i e r  dens i ty  showed very l i t t l e  increase  to 1.20°K in d ic a t in g  
th a t  the traps  are  loca ted  above the T3c minimum. Fu r the r  i n v e s t i g a t i o n  
of these  t raps  involved r e s i s t i v i t y  measurements to h igher  p r e s su re s ,  
the r e s u l t s  of which are  d iscussed  in  Chapter 9.
7 .4 .4  The e l e c t ro n  m obi l i ty
Fig,  (7.9) shows the m obi l i ty  versus p re s su re  as a func t ion  of 
a l lo y  composit ion,  assuming 1 k -ba r  in c rease  in  p ressu re  i s  equ iva len t  
to 1% increase  in phosphorus con ten t .  The r e s u l t s  show a decrease  in 
m obi l i ty  with  in c reas in g  p re s su re  as expected due to the movement of 
the r l c  minimum. Also,  the decrease  in  m ob i l i ty  i s  observed to become 
l a r g e r  with in c reas in g  a r s e n ic  con ten t .  In order  to account fo r  the 
observed change, both p o la r  o p t i c a l  and ionized impurity s c a t t e r i n g  were 
considered.  The change of the combined m obi l i ty  with  p re s su re  i s  c a lc u la te d  
from the r e l a t i o n ,
[u (0 ) /p ( 0 ) ]
y(p) _ po
yToT
1+
■ >v
m (0) '
I V(p)
14 (°) 1
- P° - . - 1 fm*(0)] YnY(p)'
y(o) 1 kmV(p) ' AnY(O)V /
7.3
in  which changes in  p o la r  temperature  and d i e l e c t r i c  cons tan t  with  p re ssu re
y(
T)
 
y{
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0)
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have been neg lec ted .  y(0) i s  the measured mobi l i ty  a t  P = 0, and 
y^Q(0) i s  the p o la r  o p t i c a l  m obi l i ty  a t  P = 0 and i s  c a lc u la te d  from 
the formula given by Ehrenre ich [25] ,  ftnY i s  expressed in the Broolcs- 
Herring r e l a t i o n  [26]and i s  given by,
JlnY = 1.07 x 1019. 300
2 ac *
(7.4)
The e f f e c t i v e  mass v a r ie s  l i n e a r l y  across the a l loy  [136] , and the values 
f nr  In As and InP are .022 mQ [107] and .079 mQ [102] r e s p e c t iv e ly .  The 
change in  e f f e c t i v e  masses with  p re s su re  i s  c a lcu la ted  us ing  Kane's 
r e l a t i o n  (5 .1 3 ) ,  and assuming a p re s su re  c o e f f i c i e n t  of 10” 2eV/k-bar 
fo r  the fundamental gap. The gap v a r i e s  according to r e l a t i o n  (5.7) 
between the compounds. The change in  n with  p re s su re  i s  taken in to  
account and i s  found to make some c o n t r ib u t io n  to the change of the 
ionized  impuri ty m ob i l i ty  wi th  p r e s su re .  The d i e l e c t r i c  cons tan t  KQ and 
the p o la r  temperatures T^ fo r  the a l loys  are determined as discussed in  
Chapter 5.
The ca lcu la ted  changes with  p re s su re  of the ion ized  impuri ty 
m obi l i ty  and the combined m ob i l i ty  are shown in  Fig.  (7 .9) f o r  comparison 
with  the observed v a r i a t i o n .  Also shown i s  the change in  p o la r  o p t i c a l  
m obi l i ty  a t  x = 0 .8 ,  i n d i c a t i n g  t h a t  a t  t h i s  high phosphorus composition, 
the change in  m ob i l i ty  with  p re s su re  i s  c l e a r ly  dominated by changes in  
the p o la r  o p t i c a l  m obi l i ty .  As the a r s e n ic  content i s  inc reased ,  
impurity  s c a t t e r i n g  becomes in c re a s in g ly  impor tant,  and th i s  i s  apparent 
from the graph as the agreement between experiment and the change in  
impur ity  m obi l i ty  becomes b e t t e r  with  in c reas in g  a r s e n ic  con ten t .  The 
importance of impuri ty  s c a t t e r i n g  in  high a r s en ic  samples i s  demonstrated
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i n  l o w  t e m p e r a t u r e  H a l l  e f f e c t  e x p e r i m e n t s  a s  s h o w n  i n  F i g .  ( 7 . 8 )  
f o r  t h e  x  -  0 . 1  s a m p l e .  L o o k i n g  a t  t h e  c h a n g e  i n  m o b i l i t y  w i t h  
t e m p e r a t u r e  f o r  t h a t  s a m p l e ,  i n d i c a t e s  t h a t  i t  i s  i n d e e d  l a r g e l y  
i n f l u e n c e d  b y  i o n i z e d  i m p u r i t y  s c a t t e r i n g  r i g h t  f r o m  r o o m  t e m p e r a t u r e  
t o  1 2 0 ° K ,  s i n c e  t h e  p o l a r  o p t i c a l  m o b i l i t y  w o u l d  t e n d  t o  i n c r e a s e  w i t h  
d e c r e a s i n g  t e m p e r a t u r e .  I n  F i g .  ( 7 , 8 ) ,  t h e  c h a n g e  i n  r  w i t h  t e m p e r a t u r e  
h a s  b e e n  a c c o u n t e d  f o r  b y  a s s u m i n g  l i n e a r  i n t e r p o l a t i o n  b e t w e e n  t h e  
m e a s u r e d  v a l u e s  o f  r  a t  3 0 0 ° K  a n d  1 2 0 ° K .  T h e  c h a n g e  o f  t h e  c o m b in e d  
p o l a r  o p t i c a l  a n d  i o n i z e d  i m p u r i t y  m o b i l i t y  w i t h  t e m p e r a t u r e  w a s  
c a l c u l a t e d  f r o m  t h e  r e l a t i o n :
y ( T )  
y ( 3 0 0 )
y w
v (300) 1 + ( V / P I > T ( 7 . 5 )
w h e r e  y ^ Q a n d  y ^  a r e  g i v e n  b y  E h r e n r e i c h  a n d  B r o o l c s - H e r r i n g  r e l a t i o n s ,  a n d ,
' u p o r v i
3 0 0
'3 0 0 '
f  T  / T  1
e  P “ 1
f  F ( T  / T )  
P ' £ n Y ( T )
I v ; ; ©  -
T T  / 3 0 0
e  P - 1
F ( T  / 3 o o )
p
£ n Y  ( 3 0 0 )
( 7 . 6 )
R e f e r r i n g  t o  F i g .  ( 7 . 9 ) ,  i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  i f  o n e  
c a l c u l a t e s  t h e  c h a n g e  i n  p o l a r  o p t i c a l  m o b i l i t y  w i t h  p r e s s u r e  a t  t h e  
v a r i o u s  c o m p o s i t i o n s ,  o n e  o b s e r v e s  t h a t  t h e  m a g n i t u d e  o f  t h e  c h a n g e  i s  
a p p a r e n t l y  i n  a g r e e m e n t  w i t h  e x p e r i m e n t .  H o w e v e r ,  t h i s  d o e s  n o t  
n e c e s s a r i l y  m e a n  t h e  d o m in a n c e  o f  p o l a r  o p t i c a l  m o b i l i t y ,  s i n c e  i n  t h i s  
c a s e  t h e  c h a n g e s  w i t h  p r e s s u r e  o f  t h e  p o l a r  o p t i c a l  m o b i l i t y  a n d  i o n i z e d  
i m p u r i t y  m o b i l i t y  a r e  s i m i l a r .  I f  t h e  c h a n g e  i n  c a r r i e r  s c r e e n i n g  w i t h  
p r e s s u r e  d u e  t o  t r a p  o u t  w a s  n o t  a c c o u n t e d  f o r ,  o n e  w o u l d  o b t a i n  a  s m a l l e r  
v a r i a t i o n  o f  t h e  i o n i z e d  i m p u r i t y  m o b i l i t y  w i t h  p r e s s u r e ,  e . g .  I n  A s  
i m p u r e  c r y s t a l s  w h i c h  s h o w e d  n o  s i g n  o f  c a r r i e r  t r a p p i n g  i n  t h i s  p r e s s u r e
1range [132],  showed a sm al le r  v a r i a t i o n  of the m obi l i ty  with  p re s su re .
We th e re fo re  conclude from th i s  d iscuss ion  th a t  samples which are 
known to have la rge  c o n t r ib u t io n  to t h e i r  m o b i l i t i e s  from ionized  
im p u r i t i e s  have shown r e l a t i v e l y  la rge  v a r i a t i o n  of the m obi l i ty  with  
p re s su re  which can be accounted fo r  by the theory when the change in 
c a r r i e r  screening  with  p re s su re  i s  inc luded .
I t  does appear from high p re s su re  and low temperature experiments ,  
t h a t  except fo r  In As, combined p o la r  o p t i c a l  and ionized  impur ity  
s c a t t e r i n g  accounts s a t i s f a c t o r i l y  fo r  the observed change in  m obi l i ty .  
In  In As, a rap id  decrease  in  m obi l i ty  i s  observed to occur above 10 lc- 
b a r ,  which cannot be accounted fo r  by the theory.  Such a decrease has 
been p rev ious ly  obsened [132] a t  h ig h e r  p re s su re  (55 k-bar)  and s t a r t s  
near  the onset  of trap  out to impurity  l e v e l s  above the minimum.'
In  our m a te r i a l  such leve l s  are observed and we sugges t  t h a t  resonant  
s t a t e s  might be the r e spons ib le  mechanism fo r  the observed anomaly in  
In As. The change in  the s c a t t e r i n g  f a c t o r  r  with p re s su re  may a lso  be 
thought of as a l i k e l y  cause fo r  t h i s  anomaly. However, under p re s su re  
decreases more rap id ly  than y^ i . e .
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decreases with in c reas in g  p r e s su re ,  and from Fig .  (7 .6) i t  can be seen t h a t  
th i s  would lead to a decrease  in  r  w i th  in c reas in g  p re s su re ,  and would 
r e s u l t  in  a slower decrease  in  the m ob i l i ty  r a t h e r  than the observed rap id  
decrease .  D is lo ca t io n  e f f e c t s  are  dismissed s ince  no h y s t e r e s i s  was 
observed in  the. measurements. Contact  e f f e c t s  should be n e g l i g i b l e  s ince  
the Van der Pauw method was used with  la rge  c lo v e r - l e a f  samples and small
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c o n tac t s .  Also no s i g n i f i c a n t  change in  the f a c to r  f was observed with  
vary ing p re s su re .  This in ad d i t io n  to the measured value of r  fo r  In As 
which appears to be c o n s i s t e n t  with  the amount of impurity  p r e s e n t ,  tend 
to i n d i c a t e  t h a t  m a te r i a l  non-homogeneity i s  a remote p o s s i b i l i t y .
7.4 .5  Conclusion
The behaviour of the low f i e l d  t r a n s p o r t  parameters p and n under 
the in f luence  of h y d r o s t a t i c  p re s su re  has been in v e s t ig a te d  fo r  the 
In As^_x a l loys  from Hall  e f f e c t  measurements in  a p i s to n  and c y l in d e r  
apparatus  to 15 k -b a r .  Trap out to impurity  l ev e l s  above the F^ 
minimum was observed. The p re s su re  c o e f f i c i e n t s  of the leve l s  in  the 
p re s su re  range 0 + 1 5  k -bars  are  in  agreement with t h a t  of the L -v a l l ey s .
Except fo r  In As, the change in  m obi l i ty  with p re s su re  to 15 k -bar  
i s  accounted fo r  reasonably w e l l  by combined p o la r  o p t i c a l  and impurity 
s c a t t e r i n g .  The rap id  change in  the In As mobi l i ty  with  p re s su re  above 
10 k -ba r  i s  b e l iev ed  to be a s so c ia ted  with  the onset  of t rapp ing  to 
impur ity  l ev e l s  above the minimum and may be r e l a t e d  to the presence 
of resonant s t a t e s .
Large changes in  the r e s i s i t i v i t y  and c a r r i e r  concen t ra t ion  were 
observed in  two samples,  and are thought to be due to the presence  of 
la rge  dens i ty  of  d i s l o c a t i o n s .  These changes are i r r e v e r s i b l e ,  presumably 
due to a permanent change in  d i s l o c a t i o n  dens i ty  under the in f luence  of 
p r e s s u r e .
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CHAPTER 8
PRESSURE AND COMPOSITION DEPENDENCE OF HIGH FIELD
INSTABILITIES IN I n  As, P ALLOYS [135]1-x  x
8 .1  I n t r o d u c t i o n
The c o n d u c t i o n  band  s t r u c t u r e  f o r  t h e  I n  As, P a l l o y s  [134]
I " " X  X
i s  shown i n  F i g .  ( 8 . 1 ) .  I n  p u r e  I n  As ,  the  e l e c t r o n  m o b i l i t y ,  p ,  i s  
h i g h ,  b u t  b e c a u s e  o f  i t s  s m a l l  f u n d a m e n ta l  gap a v a l a n c h e  m u l t i p l i c a t i o n  
i s  o b s e rv e d  to  o c c u r  a t  a t h r e s h o l d  e l e c t r i c  f i e l d  c l o s e  to  1 kV/cm 
thus  l i m i t i n g  t h e  peak  v e l o c i t y  v^. t o  a b o u t  1 .9  x 107cm/s [ 3 ] ,  I n P ,  
on t h e  o t h e r  hand has  a low er  m o b i l i t y ,  b u t  a much h i g h e r  band  gap ,  so 
t h a t  t h e  e l e c t r o n  v e l o c i t y  i s  f i r s t  l i m i t e d  by Gunn o s c i l l a t i o n s  to  a 
v a l u e  o f  ^  2 .5  x 107cm/s a t  a t h r e s h o l d  f i e l d  o f  a b o u t  10 kV/cm [ 6 6 ] ,  
I t  i s  t h e r e f o r e  i n t e r e s t i n g ,  how th e  pe a k  v e l o c i t y  a t t a i n a b l e ,  v^ ,  which  
i s  c l o s e l y  r e l a t e d  to  t h e  p r o d u c t  pF^ [6] w i l l  v a r y  a c r o s s  t h e  a l l o y  
sys  tern.
The f i r s t  e x p e r i m e n t a l  r e s u l t s  o f  c u r r e n t - v o l t a g e  ( I -V )  and 
p o t e n t i a l  p ro b e  measurements  on I n  As, P a t  a t m o s p h e r i c  p r e s s u r e  have
1 — X  X
a l r e a d y  been  r e p o r t e d  [ 1 3 4 ] .  Here we p r e s e n t  t h r e e  m a jo r  e x t e n t i o n s  o f  
t h e  work .  F i r s t l y ,  H a l l  e f f e c t  m easurem ents  a t  h i g h  m a g n e t i c  f i e l d s  
( d e t a i l s  i n  C h a p t e r  7) e n a b l e d  t h e  d e t e r m i n a t i o n  o f  t h e  e l e c t r o n  d r i f t  
m o b i l i t y  and hence  t h e  d r i f t  v e l o c i t y .  S e c o n d ly ,  m easurem ents  were 
p e r f o r m e d  to  15 k - b a r  on samples  a t  ea ch  a l l o y  c o m p o s i t i o n  so  t h a t  the  
e f f e c t s  o f  p r e s s u r e  and c o m p o s i t i o n  c o u ld  be compared and c o n t r a s t e d .  
T h i r d l y ,  d e t a i l e d  Monte C a r l o  c a l c u l a t i o n s  have been  made to  s i m u l a t e
En
erg
y 
, e
V.
-  1 4 5  -
Phosphorus Composition , x
Fig. 8-1 Conduction band structure of InAs . P
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a l l o y  s y s t e m
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b o t h  t h e  p r e s s u r e  and c o m p o s i t i o n  v a r i a t i o n s .  I o n i z e d  i m p u r i t y  
s c a t t e r i n g  was i n c o r p o r a t e d  i n  t h e  p rog ram  a p p r o p r i a t e  to  t h e  e l e c t r o n  
m o b i l i t y  o f  t h e  samples  u s e d .  By r e d u c i n g  t h i s  s c a t t e r i n g  to  z e r o ,  
e s t i m a t e s  have be e n  o b t a i n e d  o f  t h e  pe a k  v e l o c i t y  to  be  e x p e c t e d  i n  the  
p u r e  a l l o y s .
8 .2  E x p e r i m e n t a l  T e c hn ique s
H -shaped  samples  w i t h  p l a n a r  e v a p o r a t e d  c o n t a c t s  were u s e d .  The 
m a t e r i a l  u sed  has  b e e n  d e s c r i b e d  i n  C h a p t e r  7.  The c o n t a c t s  were 3 mm 
s q u a r e  and t h e  c e n t r a l  b a r  was 0 . 5  mm long  x 0 . 1  m  w i d e .  P a r a l l e l  
p l a n a r  c o n t a c t s  were  fo rmed by e v a p o r a t i n g  t i n  .onto sam ples  and were 
s u b s e q u e n t l y  a l l o y e d - i n .  C o n t a c t  t o  t h e  t i n  was made e i t h e r  w i t h  
s i l v e r  p a s t e  o r  s o l d e r  and a l l  c o n t a c t s  were  found to  be  ohmic a t  b o t h  
77 and 300°K. The d e g re e  o f  f i e l d  u n i f o r m i t y  o b t a i n e d  i n  t h e  a c t i v e  
r e g i o n  o f  the  samples  i s  d e m o n s t r a t e d  i n  F i g .  ( 8 . 2 ) ,  which  was o b t a i n e d  
from p o t e n t i a l  p r o f i l e  m easu rem en ts  u s i n g  a p ro b e  a r r a n g e m e n t  s i m i l a r  to  
t h a t  u s e d  by Thim and B a r b e r  [ 1 3 8 ] .
V e l o c i t y - f i e l d  c u r v e s  up t o  t h e  t h r e s h o l d  f o r  h o t  e l e c t r o n  
i n s t a b i l i t i e s  were  o b t a i n e d  from c o n v e n t i o n a l ,  p u l s e d ,  c u r r e n t - v o l t a g e  
( I-V)  m easu rem en ts  on t h e  H-shaped  s a m p l e s .  The p u l s e s  o f  l e n g t h  
10-30 ns  and r e p e t i t i o n  r a t e  50 Hz were  o b s e r v e d  on a s a m p l in g  o s c i l l o ­
s cope  and t h e  I -V c h a r a c t e r i s t i c  d i s p l a y e d  on an  X-Y r e c o r d e r  by sa m p l in g  
a t  a p o i n t  c l o s e  to  t h e  c e n t r e  o f  t h e  p u l s e .  U n t i l  c l o s e  t o  t h r e s h o l d  
t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  were  l i n e a r .  T h e r e f o r e ,  c o n s i d e r i n g  
t h i s  l i n e a r  r e g i o n  and assum ing  th e  c a r r i e r  c o n c e n t r a t i o n  i s  i n d e p e n d e n t  
o f  f i e l d ,  t h e  e l e c t r o n  v e l o c i t y  can be  deduced  from t h e  r e l a t i o n  v = yF,  
where  y i s  the  measured  d r i f t  m o b i l i t y .
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8 .3  E x p e r im e n t a l  R e s u l t s
8 . 3 . 1  O b s e r v a t i o n s
Below t h r e s h o l d  the  c u r r e n t  r em a ined  c o n s t a n t  f o r  t h e  d u r a t i o n  
o f  t h e  p u l s e .  I n  t h e  a v a l a n c h e  r e g i o n  above t h r e s h o l d  t h e  c u r r e n t  
i n c r e a s e d  as  a f u n c t i o n  o f  t i m e ,  i n d i c a t i n g  the  b u i l d  up o f  c a r r i e r s  
due to  a v a la n c h e  m u l t i p l i c a t i o n .  I n  t h e  Gunn r e g i o n ,  a s l i g h t  drop 
back  i n  c u r r e n t  was o b s e r v e d  a t  t h r e s h o l d  f o l l o w e d  by a s t e e p  i n c r e a s e .  
Th is  was p re sum a b ly  due to  the  f o r m a t i o n  o f  h ig h  f i e l d  domains and the  
s u b s e q u e n t  im pa c t  i o n i z a t i o n  w i t h i n  them, Sampling a t  a p o i n t  n e a r  t h e  
c e n t r e  o f  the  p u l s e  and d i s p l a y i n g  the  I -V  c h a r a c t e r i s t i c  p r o d u c e d  a 
c u rv e  a lm o s t  l i n e a r  up to  t h r e s h o l d  a t  which  p o i n t ,  i n  t h e  a v a l a n c h e  
r e g i o n ,  t h e r e  was a sh a rp  i n c r e a s e  i n  g r a d i e n t .  In  t h e  Gunn r e g i o n ,  due 
to  the  sudden f i e l d  i n c r e a s e ,  the  c u r r e n t  r o s e  a lm o s t  v e r t i c a l l y  a t  
t h r e s h o l d .
The i n d u c t a n c e  a s s o c i a t e d  w i t h  t h e  l e a d s  i n t o  the  h i g h  p r e s s u r e  
a p p a r a t u s  l e d  to  some r i n g i n g  i n  t h e  c u r r e n t .  However , by s a m p l ing  
towards  the  end of  t h e  p u l s e ,  i t  was p o s s i b l e  to  o b t a i n  c u r r e n t - v o l t a g e  
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h o s e  d e s c r i b e d  above where t h e  t h r e s h o l d  
p o i n t  was w e l l  d e f i n e d  and a v a l a n c h e  m u l t i p l i c a t i o n  c o u ld  be c l e a r l y  
d i f f e r e n t i a t e d  from the  Gunn e f f e c t  by the  s t e e p n e s s  o f  t h e  c u r r e n t  
i n c r e a s e  a f t e r  t h r e s h o l d .
F i g .  8 ,3  shows a s e t  o f  I -V c h a r a c t e r i s t i c s  f o r  p r e s s u r e s  up to  
15 k - b a r  m easured  on a sample w i t h  x = 0 , 8 .  The shape  o f  t h e  cu rv e  i s  
t y p i c a l  f o r  o t h e r  c o m p o s i t i o n s  a c r o s s  t h e  s y s t e m .  F o r  a l l  s am ples  t h e  
asymmetry i n  the  I-V c h a r a c t e r i s t i c s  b e tw e en  fo rw ard  and r e v e r s e  b i a s
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Fig. 8-3 M easured P ressu re  Dependence of Ivs. V
was l e s s  t h a n  4% and the  g r a d i e n t  o f  t h e  c h a r a c t e r i s t i c  a t  the  o r i g i n  
a g r e e d  w i t h  t h e  low f i e l d  r e s i s t a n c e  m o n i t o r e d  on a d i g i t a l  m u l t i m e t e r .
The v a r i a t i o n  of  t h e  r e s i s t a n c e  a t  t h r e s h o l d  was s i m i l a r  to  t h e  
v a r i a t i o n  o f  t h e  low f i e l d  r e s i s t a n c e ,  c o n f i r m i n g  t h a t  the  shape  o f  
t h e  I-V c h a r a c t e r i s t i c  v a r i e d  l i t t l e  w i t h  i n c r e a s i n g  p r e s s u r e .  The 
c h a r a c t e r i s t i c  was r e p r o d u c i b l e  to  w i t h i n  e x p e r i m e n t a l  a c c u r a c y  on 
d e c r e a s i n g  the  p r e s s u r e .  A l th o u g h  t h e  v a r i a t i o n  o f  t h e  t h r e s h o l d  f i e l d  
Ft c o u ld  be  deduced d i r e c t l y  f rom th e  v a r i a t i o n  o f  the  t h r e s h o l d  v o l t a g e  
V^ the  c a l c u l a t i o n  o f  v ^ . f r o m  1^ was c o m p l i c a t e d  due t o  c a r r i e r  t r a p -  
o u t  w i t h  i n c r e a s i n g  p r e s s u r e .  T h i s  v a r i a t i o n  o f  the  e l e c t r o n  d e n s i t y
• * . I T  .n was measured  by m o n i t o r i n g  the  H a l l  c o e f f i c i e n t  •— ■ as a f u n c t i o n  o fne
p r e s s u r e .  The c a r r i e r  l o s s  was g r e a t e s t  i n  the  a r s e n i c  r i c h  s a m p l e s .  
D e t a i l s  o f  t h e  r e s u l t s  a r e  d e s c r i b e d  i n  d e t a i l  i n  C h a p t e r  7.
For  t h e  sample  -shown i n  F i g .  8 .3  v e r y  l i t t l e  c a r r i e r  f r e e z e  o u t  
o c c u r r e d  w i t h  i n c r e a s i n g  p r e s s u r e  and t h e  v a r i a t i o n  o f  t h r e s h o l d  c u r r e n t  
shown r e f l e c t s  c l o s e l y  t h e  v a r i a t i o n  i n  t h e r e s h o l d  v e l o c i t y .  The 
c o n s t a n t  v a l u e  o f  t h e  t h r e s h o l d  v o l t a g e  c o r r e s p o n d s  to  a s m a l l  i n c r e a s e  
i n  F,p when c o r r e c t i o n  i s  made f o r  the  v o l t a g e  a c r o s s  the  c u r r e n t  
r e s i s t o r  i n  s e r i e s  w i t h  t h e  s p e c im en .
The m o b i l i t y  i n  t h e  H -shaped  sam ples  was t a k e n  t o  be t h a t  o f  a H a l l  
sample  c u t  f rom th e  same s l i c e .  The r e s u l t s  o f  the  h i g h  f i e l d  measurements  
a r e  shown f o r  i n d i v i d u a l  spec im ens  i n  F i g s .  8 . 4  and 8 .5  and t h e  s c a t t e r  
i n  t h e  p o i n t s  i s  an i n d i c a t i o n  o f  t h e  e r r o r s  i n v o l v e d .  P o s s i b l e  
i n a c c u r a c i e s  f o r  p a r t i c u l a r  samples  have been  c o n s i d e r e d  i n  d e t a i l  and 
i t  i s  c o n s i d e r e d  t h a t  an e r r o r  o f  ± 10% s h o u l d  be p l a c e d  on th e  i n d i v i d u a l  
p o i n t s  o f  F^ and vT a c r o s s  the  a l l o y  r a n g e .
-  1 5 1  -
S in c e  a 1% i n c r e a s e  i n  p hospho rus  c o n t e n t  has  a l m o s t  t h e  same
• . *i n f l u e n c e  on E and th e  e f f e c t i v e  mass r a t i o  m as 1 k - b a r  i n c r e a s e  
g
i n  p r e s s u r e ,  t h e s e  have  be e n  s e t  e q u i v a l e n t  i n  o r d e r  t h a t  b o t h  e f f e c t s  
can be d i s p l a y e d  t o g e t h e r .  The r e s u l t s  f o r  the  t h r e s h o l d  f i e l d  a r e  
shown i n  F i g .  8 . 4 .
Fj, i n c r e a s e s  s t e a d i l y  f rom c l o s e  t o  1 lc V cm"1 i n  p u r e  I n  As to  
a b o u t  8 . 5  k  V cm""1 i n  I n P .  There  a r e  e s s e n t i a l l y  two ty p e s  o f  p r e s s u r e  
v a r i a t i o n .  Samples w i t h  x < 0 . 3  s u f f e r e d  a v a la n c h e  m u l t i p l i c a t i o n  and 
Fj, i n c r e a s e d  w i t h  p r e s s u r e  and c o m p o s i t i o n  i n  a s i m i l a r  manner .  Samples  
w i t h  x > 0 . 3  e x h i b i t e d  t h e  Gunn e f f e c t  and F^ i n c r e a s e d  on ly  s l i g h t l y  o r  
r em a ined  c o n s t a n t  w i t h  p r e s s u r e .  The e x c e p t i o n s  a p p e a r  i n  F i g .  8 .4  i n  
the  r ange  0 . 3  < x < 0 , 3 5 ,  Above a b o u t  10 k - b a r  b o t h  t h e  I n  As P
samples  showed an a b r u p t  change i n  t h e i r  p r e s s u r e  v a r i a t i o n  and 
s u b s e q u e n t l y  F ,^ d e c r e a s e d  q u i t e  s h a r p l y .  The t r a n s i t i o n  c o r r e s p o n d e d  to  
a c l e a r  change i n  t h e  I -V  c h a r a c t e r i s t i c  f rom a v a l a n c h e  m u l t i p l i c a t i o n  
to  t h e  Gunn e f f e c t .  The sample w i t h  x = 0 . 3  showed a s i m i l a r  sh a rp  
d e c r e a s e  o v e r  the  f i r s t  5 k - b a r .
8 . 3 . 3  T h r e s h o l d  v e l o c i t y  v ,^
As shown i n  F i g .  8 .5 ,  v^, a p p e a r s  to  i n c r e a s e  q u i t e  q u i c k l y  w i t h  
b o t h  p r e s s u r e  and c o m p o s i t i o n  i n  t h e  r e g i o n  x < 0 . 3 .  Fo r  samples  w i t h  
x > 0 . 3 ,  however ,  vT rem a ins  a lm o s t  c o n s t a n t  w i t h  c o m p o s i t i o n  w h i l e ,  
i n  c o n t r a s t ,  the  p r e s s u r e  v a r i a t i o n  shows a d e c r e a s e  o f  a b o u t  16% o v e r  
15 k - b a r .  The two samples  o f  I n  As^ ^  P^ a r e  a g a i n  o f  p a r t i c u l a r  
i n t e r e s t  showing a c l e a r  t r a n s i t i o n  i n  t h e i r  b e h a v i o u r  c l o s e  t o  10 k - b a r .
8 , 3 . . 2  T h r e s h o l d  f i e l d  F T
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8 .4  The Monte C a r lo  C a l c u l a t i o n s
The computer  p rogram used  was t h a t  d e s c r i b e d  by F a w c e t t ,  Boardman 
and Swain [ 7 4 ] ,  e x c e p t  t h a t  i o n i z e d  i m p u r i t y  was a l s o  i n c l u d e d .  The 
p a r a m e t e r s  a p p r o p r i a t e  f o r  Monte C a r lo  c a l c u l a t i o n s  have been  g i v e n
f o r  I n  As and InP and t h e i r  v a r i a t i o n  w i t h  p r e s s u r e  and w i t h  a l l o y
. * c o m p o s i t i o n  have been  d i s c u s s e d  i n  C h a p t e r  5. The e f f e c t i v e  mass m^
i n  the  I n  As P has  be e n  r e c e n t l y  m easu red  [136] and was found toI~*X X
v a ry  l i n e a r l y  w i t h  phospho rus  c o n t e n t  x .  P a r a m e te r s  most  r e l e v a n t  f o r  
t h e  c a l c u l a t i o n s  a r e  g i v e n  i n  T a b l e s  8 .1  and 8 . 2 .
For  com par ison  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s ,  F i g .  ( 8 . 6 )  shows 
t h e  c a l c u l a t e d  c u r v e s  f o r  x = 0 . 8 ,  w i t h  1017cm“ 3 i m p u r i t y  c e n t r e s  a t  
a tm o s p h e r i c  p r e s s u r e  and a t  15 k - b a r ,  t o g e t h e r  w i t h  the  a tm o s p h e r i c  
p r e s s u r e  c u rv e  f o r  the  p u re  m a t e r i a l .  E x c e p t  f o r  the s l i g h t l y  h i g h e r  
v T and lower  F^ ,  t h e s e  r e s u l t s  a r e  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  
p u r e  InP .
8 .5  D i s c u s s i o n
F or  t h e  p u r p o s e s  o f  t h i s  d i s c u s s i o n  i t  i s  c o n v e n i e n t  t o  dev ide  
t h e  r e s u l t s  i n t o  the  a v a l a n c h e  r e g i o n ,  t h e  Gunn e f f e c t  r e g i o n  and the  
t r a n s i t i o n  r e g i o n  and to  c o n s i d e r  the  t h r e e  s e p a r a t e l y ,
8 , 5 , 1  The a v a l a n c h e  r e g i o n  (x < 0 .3 )
The t h r e s h o l d  f i e l d  F^ ,  a t  a g e n e r a t i o n  r a t e  o f  3 * 106s ” 1 [134] 
was found  to  be c l o s e  t o  1 lcV cm-1 i n  p u r e  ind ium  a r s e n i d e .  Th is  i s  
i n  good ag reemen t  w i t h  the  p r e v i o u s  work o f  Bauer  and Kuchar  [ 3 ] ,  
Camphausen e t  a l .  [31] and P i c k e r i n g  e t  a l .  [ 6 7 ] .  The c o r r e s p o n d i n g
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a )  P u r e  a l l o y
b )  W i t h  1 0 1 7 i m p u r i t i e s
c )  I m p u r e  a l l o y  a t  1 5 k - b a r
J _______________L X
0 2 4 6  8 1 0  1 2
- lF ,  k V  c m
F i g .  8 - 6  T h e o r e t i c a l  v e l o c i t y - f i e l d  c h a r a c t e r i s t i c s
1 4
-  1 5 8  -
t h r e s h o l d  v e l o c i t y  o f  1 .3  x 107cm s""1 compared w i th  the  v a l u e  o f  
1 ,9  x I 0 7cm s ~ l r e p o r t e d  by Bauer  and Kuchar  r e f l e c t s  the  lower 
m o b i l i t y  o f  t h e  samples  u s e d .  Assuming t h a t  i s  1 kV cm-1 as 
m e a s u re d ,  and t h a t  t h e  c u r r e n t  i n c r e a s e s  l i n e a r l y  t o  t h r e s h o l d  w i t h  
t h e  l a t t i c e  m o b i l i t y ,  t h e n  a maximum v a lu e  o f  v^, -  3 x 107 cm s -1 i s  
p r e d i c t e d .  Hi lsum [6] e s t i m a t e s  2 .69  x 107cm s'*1 u s i n g  a fo rm u la  b a s e d  
on t h e  t h e o r y  o f  S t r a t t o n  [ 4 4 ] .
As can  be  s e e n  i n  F i g s .  8 . 4  and 8 .5  i n  the  range  x < 0 . 3  the 
v a r i a t i o n  w i t h  p r e s s u r e  and w i t h  c o m p o s i t i o n  i s  v e r y  s i m i l a r  b o t h  f o r  
F^ and f o r  v^,. Th is  r e s u l t  e m p h a s i se s  t h e  f a c t  t h a t  a v a l a n c h e  b r e a k ­
down i s  p r i m a r i l y  a s s o c i a t e d  w i t h  and t h e  p r o p e r t i e s  o f  the
minimum, and i n d i c a t e s  t h a t ,  f o r  t h e s e  low m o b i l i t y  s a m p le s ,  the  
. . *i m p o r t a n t  v a r i a b l e s  a r e  m and a r a t h e r  t h a n  the  p o l a r  phonon 
t e m p e r a t u r e ,  which can be c o n s i d e r e d  i n d e p e n d e n t  o f  p r e s s u r e  ove r  15 k -  
b a r  [ 9 3 ] .  Comparing t h e  v a r i a t i o n  i n  F ,^ w i t h  S t r a t t o n ' s  t h e o r y  f o r  
p o l a r  phonon b reak-down [ 4 4 ] ,  we s e e  t h a t  the  m easured  i n c r e a s e  i s  
somewhat more th a n  p r e d i c t e d .  Th is  may imply t h a t  F^ , f o r  a v a l a n c h e  
break-doWn i s  more e x p l i c i t l y  d e p e n d e n t  on E^ t h a n  i s  i n c l u d e d  i n  t h e  
t h e o r y ,
8 . 5 . 2  The Gunn e f f e c t  r e g i o n  ( x > 0 .3 5 )
E x p e r i m e n t a l l y  t h e  t h r e s h o l d  f i e l d  f o r  InP was found  t o  l i e  be tw een  
8 and 10 lcV cm- 1 . Th is  v a l u e  i s  somewhat lower  t h a n  t h a t  g e n e r a l l y  a c c e p t e d  
i n  t h e  l i t e r a t u r e  and f o r  c om par i son  th e  r e s u l t  o f  M a j e r f e l d  e t  a l .  [139] 
i s  shown i n  F i g .  8 , 4 .  The measured  v a l u e s  l i e  be tw een  t h o s e  p r e d i c t e d  
by S t r a t t o n ’ s t h e o r y  and t h e  Monte C a r l o  p o i n t  c a l c u l a t e d  f o r  a sample 
w i t h  1016cm“ 3 s c a t t e r i n g  c e n t r e s ,  u s i n g  th e  u n s c re e n e d  i n t e r v a l l e y  
c o u p l i n g  c o n s t a n t s ,  Tab le  8 . 1 ,
-  1 5 9  -
The measured t h r e s h o l d  v e l o c i t i e s  f o r  the  two InP samples  o f  
2 .3 2  and 2.45  x 107cm s ” 1 a r e  a l s o  i n  good ag reem en t  w i t h  p r e v i o u s  
work of. M a j e r f e l d  e t  a l ,  [139] who o b t a i n e d  2 .4  x 107cm s _ 1 . The 
v a l u e s  c a l c u l a t e d  u s i n g  t h e  Monte C a r lo  program f a l l  w i t h i n  t h i s  r a n g e .  
With t h e  u n s c re e n e d  c o u p l i n g  c o n s t a n t s  and no i m p u r i t y  s c a t t e r i n g  th e
peak  v e l o c i t y  was found t o  be  2 .6  x 107cm s - 1 . I n t r o d u c i n g  1016 and
1 7 • • • •10 i m p u r i t i e s  r e d u c e s  t h e  t h r e s h o l d  v e l o c i t y  to  a bou t  2 .5  and
*7 1 • , ,2 .4  x 1 0 'em s r e s p e c t i v e l y .  These v a l u e s  a g r e e  w i t h  p r e v i o u s  Monte 
C a r lo  c a l c u l a t i o n s .  Hauser  e t  a l .  [ 140 ] ,  who i n c l u d e d  t h e  e f f e c t s  o f  
i m p u r i t y  s c a t t e r i n g ,  o b t a i n e d  a v a l u e  o f  a b o u t  2 .3  x 107cm s"*1 . H i l l  
e t  a l . [ 141 ] c a l c u l a t e d  a b o u t  2 . 4  x 107cm s ’-1 f o r  t h e  p u r e  m a t e r i a l  
d r o p p in g  t o  2 . 2  when 1017 i m p u r i t i e s  were i n c l u d e d ,  however ,  the  v a l u e s  
f o r  the  i n t e r v a l l e y  phonon e n e r g i e s  they  used  have now been  r e v i s e d .  
H e r b e r t  Fa w c e t t  and Hi lsum [116] o b t a i n e d  f o r  p u re  ind ium p h o s p h id e  
v a l u e s  s l i g h t l y  above 2..5 x 107cm s “ * u s i n g  the  most  r e c e n t  v a l u e s  f o r  
t h e  phonon e n e r g i e s ,  as  employed i n  t h e  p r e s e n t  work ,  w h i l e  Hilsum [6] 
e s t i m a t e s  a v a l u e  o f  3 .02  x 107cm s _1 on the  b a s i s  o f  S t r a t t o n ' s  t h e o r y  
f o r  p o l a r  phonon b reak -dow n .
U n l ike  t h e  a v a l a n c h e  r e g i o n ,  the  v a r i a t i o n s  o f  b o t h  F^ and v T w i t h  
p r e s s u r e  and w i t h  phosphorus  c o n t e n t  a p p e a r  to  be q u i t e  d i f f e r e n t .  Th is  
may be b e c a u s e  t h e  Gunn e f f e c t  t h r e s h o l d  i s  governed  by t h e  s ub -ba nd  gap 
AEr _L and f o r  t h i s  an i n c r e a s e  o f  1 k - b a r  i s  n o t  e q u i v a l e n t  t o  a change 
o f  1% p h o s p h o r u s .  A l s o ,  t h e  p o l a r  phonon t e m p e r a t u r e  s t a y s  c o n t a n t  w i t h  
p r e s s u r e  b u t  i n c r e a s e s  w i t h  phospho rus  c o n t e n t , t h u s  t e n d i n g  to  i n c r e a s e  
t h e  t h r e s h o l d  f i e l d ,  C o n s i d e r i n g  the  I n  AsQ 2 Pq 8 samP?-e » ' f o r  example,  
the  i n f l u e n c e  o f  p r e s s u r e  and c o m p o s i t i o n  on b o t h  F^ and v^, v a r y  by 
a bou t  15%. On t h e  one ha nd ,  F^ remains a lm o s t  c o n s t a n t  w i t h  p r e s s u r e
-  1 6 0  -
w h i l e  i t s  r a t e  o f  i n c r e a s e  w i t h  c o m p o s i t i o n  p r e d i c t s  a 13% change 
by x = 0 . 9 5 ,  which i s  i n  r e a s o n a b l e  ag reem en t  w i t h  the  t h e o r y  o f  
S t r a t t o n .  On the  o t h e r  h a n d ,  e x p e r i m e n t a l l y ,  v T a p p e a r s  a l m o s t  c o n s t a n t  
w i t h  c o m p o s i t i o n  w h i l e  i t  d rops  by a b o u t  16% to  15 k - b a r .  However i t  
i s  i n t e r e s t i n g  to  o b s e rv e  t h a t  when i m p u r i t y  s c a t t e r i n g  i s  removed,  
b o t h  i n c r e a s i n g  p r e s s u r e  and i n c r e a s i n g  phosphorus  c o n t e n t  c a u se  v^ 
to  d e c r e a s e  and th e  m agn i tude  o f  the  two e f f e c t s  a r e  i n  r e a s o n a b l e  
a g re e m e n t .
As can  be s e e n  i n  F i g s .  8 . 4  and 8 . 5 ,  i f  t h e  i m p u r i t y  c o n t e n t  o f  
th e  samples  i s  i n c l u d e d  i n  t h e  p ro g ra m ,  t h e  Monte C a r lo  c a l c u l a t i o n s  
can p r e d i c t  the  v a r i a t i o n  o f  F^ and v^  w i t h  b o t h  c o m p o s i t i o n  and 
p r e s s u r e .  B e a r in g  i n  mind t h e  u n c e r t a i n t i e s  and e x p e r i m e n t a l  e r r o r s  
i n v o l v e d ,  the  ag re e m e n t  be tw een  e x p e r i m e n t  and t h e o r y  i s  good.  I t  i s  
t h e r e f o r e  o f  C o n s i d e r a b l e  i n t e r e s t  t o  o b s e r v e  t h a t ,  i f  i m p u r i t y  
s c a t t e r i n g  i s  removed,  the  model  p r e d i c t s  an i n c r e a s e  i n  v^ from a b o u t
2 . 6  x 107cm s -1 i n  p u r e  InP t o  a b o u t  3 ,05  x 10 cm7s “ 1 i n  I n  As^  ^ PQ 
Th is  v a r i a t i o n  i s  a l s o  i n  a g re e m e n t  w i t h  the  p r e v i o u s  Monte C a r l o  
c a l c u l a t i o n s  o f  F a w c e t t  e t  a l .  [113] and H a use r  e t  a l .  [140]  who i n c l u d e d  
a l l o y  as w e l l  as i m p u r i t y  s c a t t e r i n g .
One o f  t h e  many c r i t i c i s m s  which can be  l e v e l l e d  a t  the  Monte C a r lo  
c a l c u l a t i o n s  i s  t h e  l a c k  o f  d i r e c t  e v i d e n c e  f o r  the  n u m e r i c a l  v a l u e s  o f  
the  d e f o r m a t i o n  p o t e n t i a l s  f o r  i n t e r v a l l e y  s c a t t e r i n g .  F o r  t h i s  r e a s o n  
we have  i n v e s t i g a t e d  t h e  p r e d i c t e d  peak  v e l o c i t y  v a r i a t i o n  w i t h  d i f f e r e n t  
c o u p l i n g  c o n s t a n t s .  The r e s u l t s  a r e  shown i n  F i g .  8 , 7 .  The u p p e r  cu rve  
i s  t h a t  o b t a i n e d  u s i n g  t h e  u n s c r e e n e d  c o u p l i n g  c o n s t a n t s  f o r  ind ium 
p h o s p h id e  and t h e i r  v a r i a t i o n  as  g iv e n  i n  Tab le  8 . 1 ,  The n e x t  cu rve  
shows th e  peak  v e l o c i t y  t a k i n g  the  s c r e e n e d  c o u p l i n g  c o n s t a n t s  f o r  p u re
-  1 6 1  -
P h o s p h o r u s  C o m p o s i t i o n ,  x
F i g .  8 - 7  C a l c u l a t e d  c o m p o s i t i o n  d e p e n d e n c e  
o f  v r i n  p u r e  In  A s lmmX P x
-  1 6 2  -
i nd ium  p h o s p h id e  of  H e r b e r t  e t  a l .  [ 1 1 6 ] ,  d e c r e a s i n g  to  Dg„L = 6 x 108eV cm”
and D ' = 1 .6  x 108eV cm” 1 i n  I n  As.  These v a l u e s  a r e  n o r m a l i z e d  to  L~L
a s i n g l e  300 K phonon.  A lso  shown i s  the  curve  f o r  the  p u r e  a l l o y  i n  
which  the  c o u p l i n g  c o n s t a n t s  f o r  ind ium  p h o s p h id e  a r e  t a k e n  as
= 3 .2  x 108eV cm” 1 and = 3 .6  x 108eV cm"1 i n  p u r e  ind ium
a r s e n i d e .  T h i s  v a r i a t i o n  i n  c o u p l i n g  c o n s t a n t s  be tw een  d i f f e r e n t  
models  r e p r e s e n t s  a t o t a l  change  i n  i n t e r v a l l e y  s c a t t e r i n g  r a t e  o f  a bou t  
one o r d e r  o f  m a g n i tu d e .  As can  be  s e e n ,  w i t h  d e c r e a s i n g  c o u p l i n g  
c o n s t a n t s  t h e  a b s o l u t e  m ag n i tu d e  o f  t h e  t h r e s h o l d  v e l o c i t y  a l s o  d e c r e a s e s .  
However , f o r  each  s e t  o f  v a l u e s  t h e  t r e n d  shows q u i t e  c l e a r l y  an 
i n c r e a s e  i n  v^  w i t h  d e c r e a s i n g  ph o s p h o ru s  c o n t e n t .
A lso  o f  im p o r ta n c e  i s  t h e  v a r i a t i o n  i n  p o l a r  phonon t e m p e r a t u r e ,  T ^ ,
F i g .  8 . 8  shows t h e  computed v e l o c i t y - ' f i e l d  r e l a t i o n s h i p  f o r  InP t o g e t h e r
w i t h  c u rv e s  f o r  In  AsQ PQ ^  w i t h  d i f f e r e n t  T^ v a l u e s .  The u p p e r  and
lower c u rv e s  were o b t a i n e d  t a k i n g  th e  ex t r e m e  v a l u e s  o f  T , t h a t  i s
P
500 K as f o r  InP and 350 K as  f o r  I n  A s . The t r u e  v a l u e  f o r  t h e  a l l o y
s h o u ld  l i e  be tw een  t h e s e  two and th e  r e s u l t s  a r e  shown f o r  T = 395 K
P
o b t a i n e d  u s i n g  th e  w e i g h t e d  a v a r a g e  as d i s c u s s e d  i n  C h a p t e r  5 ,  and
T = 418 K c o r r e s p o n d i n g  to  a l i n e a r  i n t e r p o l a t i o n .  The d o t t e d  l i n e  i s  
P
t h a t  o b t a i n e d  w i t h  the  T - v a l l e y  p a r a m e t e r s  o f  the  a l l o y ,  b u t  the  s ub -ba nd
gap and i n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  and phonon t e m p e r a t u r e s  o f  InP .
The d i f f e r e n c e  b e tw e en  t h i s  and t h e  cu rv e  f o r  T = 395- K i n d i c a t e s  the
P
i m p o r t a n c e  o f  i n c l u d i n g  t h e  i n f l u e n c e  o f  t h e  s a t e l l i t e  m i n i m a .
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-  1 6 3  -
F i e l d  i n  k V  c m " 1
F i g .  8 - 8 C o m p u t e d  v e l o c i t y - f i e l d  c u r v e s
-  1 6 4  -
This  r e g i o n  i s  c l e a r l y  d e f i n e d  by a marked change i n  the  p r e s s u r e
dependence  o f  b o t h  F^ and v^,. A l s o ,  a t  t h i s  p o i n t ,  the  cu rve  o f  v^
a g a i n s t  x has  a s h o u l d e r ,  e m pha s i se d  by a c l e a r  change i n  t h e  type  of
b e h a v i o u r  o f  t h e  21% ph o s p h o ru s  samples  c l o s e  to  10 k - b a r .  Assuming t h e
band  s t r u c t u r e  shown i n  F i g .  8 . 1 ,  i t  can  be  s e e n  t h a t  AE_ , ^ E i n6 * T-L g
t h i s  r e g i o n  and t h e r e  can  be  no doub t  t h a t  a t r a n s i t i o n  from a v a l a n c h e  
m u l t i p l i c a t i o n  t o  t h e  Gunn e f f e c t  i s  b e i n g  o b s e r v e d .  I t  i s  i n t e r e s t i n g  
to  n o t e  t h a t  o v e r  the  r e g i o n ,  u n l i k e  e l s e w h e r e ,  t h e r e  i s  a d e c r e a s e  i n  
Ft w i t h  p r e s s u r e .  Th is  may be due t o  t h e  a lm o s t  e q u a l  p r o b a b i l i t y  o f  
e l e c t r o n s  b e i n g  t r a n s f e r r e d  to  t h e  uppe r  minima o r  c a u s i n g  i o n i z a t i o n .
The sample w i t h  x = 0 , 3  shows a f u r t h e r  change i n  the  b e h a v i o u r  o f  F^ 
a t  5 k - b a r ,  above w h i c h ,  p r e s u m a b l y ,  the  Gunn e f f e c t  c o m p l e t e l y  d o m in a t e s .
The 30% samples  showed Gunn e f f e c t  even  a t  a t m o s p h e r i c  p r e s s u r e ,
t h u s ,  assuming t h i s  to  be  t h e  t r a n s i t i o n  p o i n t  and t a k i n g  AE = 1 ,16  E
r~L g
[142] g i v e s  a  v a l u e  o f  AEr _.L f o r  I n  AsQ PQ ^ o f  0 . 7 1  eV [134]  as shown
i n  F i g .  8 . 1 ,  I t  i s  t h e r e f o r e  i n t e r e s t i n g  t h a t  the  21% sam ples  d i d  n o t
show the  t r a n s i t i o n  b e f o r e  10 k - b a r ,  s i n c e  AE s h o u ld  d e c r e a s e  more
s w i f t l y  w i t h  p r e s s u r e  t h a n  w i t h  c o m p o s i t i o n .  From F i g .  8 . 1 ,  E i s  0 . 5 2  eV
S
a t  x  = 0 . 2 1 ,  Assuming the  p r e s s u r e  c o e f f i c i e n t s  g iv en  i n  C h a p t e r  5 ,  a t  
10 k - b a r  E^ = 0 .6 2  eV g i v i n g  = 0 .7 19  eV. Th is  c o r r e s p o n d s  to  a
v a l u e  o f  0 .7 9  eV a t  a t m o s p h e r i c  p r e s s u r e .  The v a l u e  i s  s l i g h t l y  h i g h  
and s u g g e s t s  t h a t  e i t h e r  t h e r e  i s  l i t t l e  o r  no bowing f o r  the  
minima,  o r  t h a t  t h e i r  assumed d e f o r m a t i o n  p o t e n t i a l  o f  3 x 10” 6 eV b a r  * 
s h o u ld  be n e a r l y  doub led  f o r  t h e  a r s e n i c  r i c h  s a m p le s .  I n d e e d ,  s i n c e  
P i c k e r i n g  e t  a l .  [67] o b t a i n  a t r a n s i t i o n  from a v a l a n c h e  m u l t i p l i c a t i o n  
to Gunn e f f e c t  a t  a b o u t  33 k - b a r  i n  p u r e  In  As,  t h i s  may s u g g e s t  t h a t
8 * 5 . 3  T h e  t r a n s i t i o n  r e g i o n  ( 0 . 3  < x  < 0 . 3 5 )
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the  p r e s s u r e  and c o m p o s i t i o n  changes  o f  AE^_B a re  v e ry  s i m i l a r ,  
i m p l y in g  a d e f o r m a t io n  p o t e n t i a l  o f  + 7 x 10_6eV b a r " 1 f o r  t h e  L minima 
i n  p u r e  I n  As.  Th is  would  a l s o  a g r e e  w i t h  the  i n c r e a s e  i n  the  Gunn 
t h r e s h o l d  o b s e rv e d  by P i c k e r i n g  e t  a l .  a t  v e ry  h i g h  p r e s s u r e s ,  which 
was a g a in  s i m i l a r  to  t h a t  ca use d  by the  c o m p o s i t i o n  changes  r e p o r t e d  
h e r e .
8 .6  C o n c lu s io n
In  t h e  a v a la n c h e  r e g i o n  (x  < 0 , 3 )  i n c r e a s i n g  p r e s s u r e  and i n c r e a s i n g  
phosp h o ru s  c o n t e n t  p r o d u c e  e q u i v a l e n t  changes i n  and v^  i f  1 k - b a r  i s  
e q u a t e d  to  1% p h o s p h o r u s .  T h i s  r e s u l t  i s  e x p e c t e d  f o r  a p r o c e s s  domina ted  
by the  p r o p e r t i e s  o f  t h e  minimum. The a b s o l u t e  v a l u e  o f  FT i n  I n  As 
i s  i n  good ag reem en t  w i t h  t h o s e  o f  p r e v i o u s  a u t h o r s .  The m agn i tude  o f  v^,
1 .3  x 107cm s '"1 , however ,  i s  v e r y  low and p r o v i d e s  l i t t l e  g u id e  f o r  the  
v a l u e  to  be  e x p e c t e d  i n  t h e  p u r e  m a t e r i a l .  Assuming a p o l a r - p h o n o n  
l i m i t e d  m o b i l i t y  o f  30 ,000  cm s ” 1 s c a l e s  v T t o  a p p r o x i m a t e l y  3 .0  x 107cm s ” 1 , 
c l o s e  t o  t h a t  r e c e n t l y  p r e d i c t e d  by H i l sum [ 6 ] ,
A c l e a r  t r a n s i t i o n  r e g i o n  from a v a l a n c h e  b reak-down t o  the  Gunn
e f f e c t  i s  o b s e rv e d  b o t h  as  a f u n c t i o n  o f  a l l o y  c o m p o s i t i o n  and p r e s s u r e .
A n a l y s i s  o f  t h e  d a t a  as suming  AEj,_^ = 1 ,16  E^ a t  the  t r a n s i t i o n  g i v e s
v a l u e s  f o r  AEr  o f  0 . 7 1  eV and 0 .7 9  eV f o r  I n  As _ P and I n  As _Q P
i  ~ L i  u • / u * j  u • /y u • zy
r e s p e c t i v e l y .
C o n s i d e r i n g  b o t h  the  v a r i a t i o n s  w i t h  c o m p o s i t i o n  and t h o s e  w i t h  
p r e s s u r e  i n  the  Gunn e f f e c t  r e g i o n ,  ag reem en t  be tw een  e x p e r i m e n t  and Monte 
C a r lo  c a l c u l a t i o n s  can be o b t a i n e d  i f  an i o n i s e d  i m p u r i t y  s c a t t e r i n g  i s  
i n c l u d e d  which  c o r r e s p o n d s  t o  the  low f i e l d  m o b i l i t y  o f  the  samples  u s e d .
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The co m p u ta t io n s  f u r t h e r  p r e d i c t  t h a t ,  w i t h  pu re  s a m p l e s ,  the  peak  
v e l o c i t y  o b t a i n a b l e  s h o u ld  r i s e  f rom 2 .6  x 107cm s ” 1 i n  InP to
3.05  x 107 cm s ” 1 i n  I n  AsQ 7 3 and thi-3 t r e n d  a p p e a r s  t o  be  r e l a t i v e l y
i n d e p e n d e n t  o f  wh ich  Tj C“ Lj c i n t e v a l l e y  c o u p l i n g  c o n s t a n t s  a r e  chosen .
I t  i s  o f  i n t e r e s t  t o  compare some o f  t h e  p r o p e r t i e s  o f ,  f o r
e xam ple ,  i d e a l  I n  AsQ  ^ PQ ^ w i t h  t h o s e  o f  GaAs, The t h r e s h o l d  f i e l d  i s
somewhat h i g h e r  i n  t h e  a l l o y ,  b u t  i t s  l o w - f i e l d  m o b i l i t y  and t h e o r e t i c a l  
peak  v e l o c i t y  a r e  a lm o s t  50% g r e a t e r  t h a n  i n  GaAs, s u g g e s t i n g  c o n s i d e r a b l e  
improvement .  C l e a r l y ,  how ever ,  t h e  p rob lem s  of  m a t e r i a l  p r e p a r a t i o n  a r e  
c o r r e s p o n d i n g l y  h i g h .  One m a j o r  o b s t a c l e  may be d i s l o c a t i o n s  due to  
l a t t i c e  m is -m a tc h  w i t h  t h e  s u b s t r a t e  [134} . These may w e l l  be t h e  b a s i c  
c ause  why th e  e p i t a x i a l  i a y e r s  u sed  h e r e ,  wh ich were grown on InP 
s u b s t r a t e s ,  showed p o o r e r  p r o p e r t i e s  w i t h  i n c r e a s i n g  a r s e n i c  c o n t e n t .
CHAPTER 9
HIGH PRESSURE STUDIES OF DEEP LEVELS AND THE
PHASE TRANSITION IN I n  As,  P ALLOYS [150]1 -x  x
9 . 1  I n t r o d u c t i o n
H a l l  e f f e c t  measurements  on I n  As, P a l l o y s  t o  15 k - b a r
I"**X X
( C h a p te r  7 ) ,  have shoxm a d e c r e a s e  i n  c a r r i e r  c o n c e n t r a t i o n  w i t h  
i n c r e a s i n g  p r e s s u r e ,  due t o  t r a p - o u t  t o  i m p u r i t y  l e v e l s  above the  
P j£  minimum. To c o n f i r m  t h i s  r e s u l t  and g a i n  knowledge a b o u t  t h e  
p o s i t i o n  o f  t h e  t r a p  l e v e l s  r e l a t i v e  t o  the  minimum, e x t e n s i o n  
o f  r e s i s t i v i t y  measurements  to  h i g h e r  p r e s s u r e s  was r e q u i r e d .  We 
t h e r e f o r e  p r e s e n t  i n  t h i s  C h a p t e r  measurements  o f  the  low f i e l d  
r e s i s t i v i t y  which  i s  found t o  v a r y  d r a m a t i c a l l y  up to  100 k - b a r .
9 . 2  E x p e r i m e n t a l  T e c hn ique s
The I n  As^_x P^ samples  were  p r e p a r e d  as d io d es  o f  d im ens ions  
fe 1 x 1 x 0 . 5  mm. The samples  c o n t a i n e d  an e s t i m a t e d d o n o r  d e n s i t y  
(Ng) which v a r i e d  from fe 1 0 17cm"3 i n  I n  As to  fe 4 x 1016cm- 3  i n  InP .  
C o n t a c t s  were  made t o  t h e  d io d es  by a l l o y i n g - i n  s m a l l  t i n  d o t s  to  
which t h i n  coppe r  l e a d s  were  s o l d e r e d .  The d iodes  were  p l a c e d  a t  the  
c e n t r e s  o f  MgO-rings and s o l i d  c e l l s  were  p r e p a r e d  as d e s c r i b e d  i n  
C h a p te r  6 .  P r e s s u r e  was a p p l i e d  t o  the  s o l i d  c e l l s  i n  a Bridgman a n v i l  
a p p a r a t u s ,  and th e  r e s i s t a n c e  was m o n i t o re d  a t  r e g u l a r  i n t e r v a l s  as t h e  
p r e s s u r e  i n c r e a s e d  c o n t i n u o u s l y  b u t  v e r y  showly from 0 to  100 k - b a r s .
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9 . 3  E x p e r i m e n t a l  R e s u l t s
F i g .  ( 9 . 1 )  shows the  v a r i a t i o n  i n  r e s i s t a n c e  w i t h  p r e s s u r e  f o r  
a sample x = 0 , 1  m easured  i n  t h e  s o l i d  medium a p p a r a t u s .  The main 
f e a t u r e s  a r e  t y p i c a l  o f  a l l  a l l o y  c o m p o s i t i o n s .  At f i r s t  an i n c r e a s e  
i n  r e s i s t a n c e  w i t h  i n c r e a s i n g  p r e s s u r e  i s  o b s e r v e d ,  which  i n  the  r e g i o n  
0 to  15 k - b a r s  i s  c o n s i s t e n t  w i t h  c o r r s p o n d i n g  H a l l  e f f e c t  m easurem ents  
i n  t h e  l i q u i d  medium a p p a r a t u s  ( C h a p t e r  7 ) .  Above a b o u t  20 k - b a r s ,  a 
much more r a p i d  i n c r e a s e  i n  r e s i s t a n c e  w i t h  i n c r e a s i n g  p r e s s u r e  i s  
o b s e r v e d  which  c o n t i n u e s  u n t i l  a p h a s e  t r a n s i t i o n  o c c u r s .  By t h e n ,  
t h e  r e s i s t a n c e  has  i n c r e a s e d  by more t h a n  5 o r d e r s  o f  m agn i tude  and a t  
t h e  phase  t r a n s i t i o n  a s h a rp  drop i n  r e s i s t a n c e  by more th a n  8 o r d e r s  o f  
m agn i tude  o c c u r s .
9 . 4  D i s c u s s i o n
For  the  p u r p o s e  o f  t h i s  d i s c u s s i o n  i t  i s  c o n v e n i e n t  t o  c o n s i d e r  
t h e  t r a p - o u t  and p h a s e  t r a n s i t i o n  s e p a r a t e l y .
9 . 4 . 1  E l e c t r o n  t r a p p i n g
A n a l y s i s  o f  the  r e s i s t a n c e  i n  t h e  t r a p p i n g  r e g i o n  was made u s i n g  
F e r m i - D i r a c  s t a t i s t i c s  and assuming  a s i n g l e  t r a p  l e v e l  (Et ) w i t h  t h e  
donor  d e n s i t y  ( N ^ ) . The r e s u l t  o f  t h e s e  a n a l y s i s  i s  shown i n  F i g .  ( 9 . 2 )  
which was c a l c u l a t e d  f o r  x = 0 . 1  f rom the  r e s u l t  of  F i g .  ( 9 . 1 )  t a k i n g  
i n t o  a c c o u n t  the  change i n  m o b i l i t y  w i t h  p r e s s u r e .  There  i s  no doub t  
t h a t  the  t r a p  l e v e l  e x i s t s  above t h e  minimum a t  a t m o s p h e r i c  p r e s s u r e ,
c o n f i r m i n g  o u r  c o n c l u s i o n  i n  C h a p t e r  7 .
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P r e s s u r e ,  P ,  k - * b a r
FIG. 9 - 1 .  V a r i a t i o n  o f  r e s i s t a n c e  
w i t h  ( P )  f o r  x  = 0 . 1 .
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P r e s s u r e ,  P ,  k - b a r
F i g u r e  9_2 The. c h a n g e  i n  t r a p  e n e r g y  
w i t h  p r e s s u r e  c o m p a r e d  w i t h  c h a n g e s  
i n  b a n d  s t r u c t u r e ,  f o r  x  = 0 . 1 .
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F i g .  ( 9 . 2 )  i n d i c a t e s  t h a t  the  e x p o n e n t i a l  r i s e  i n  r e s i s t a n c e  
beyond 20 k - b a r  can be e x p l a i n e d  by t r a p - o u t  t o  a l e v e l  wh ich rem ains  
a lm o s t  s t a t i o n a r y  w i t h  p r e s s u r e  w i t h  r e s p e c t  to  the minima and the  
v a l a n c e  ba nd .  Th is  i s  however  i n s u f f i c i e n t  to  e x p l a i n  the  low p r e s s u r e  
r e s u l t s  s i n c e  the  l e v e l  would be  too f a r  above the minimum f o r  
a p p r e c i a b l e  th e r m a l  a c t i v a t i o n  to  o c c u r .  Two models  have  been  
C o n s i d e r e d ,  (1) The p r e s s u r e  c o e f f i c i e n t  of  the  l e v e l  may v a ry  as 
shown (by the s o l i d  c u rv e )  i n  F i g ,  ( 9 . 2 ) .  We se e  t h a t ,  w i t h  d e c r e a s i n g  
p r e s s u r e ,  as t h e  l e v e l  a p p ro a c h e s  and becomes d e g e n e r a t e  w i t h  t h e  T 
minimum, i t  a p p e a r s  to  be  i n f l u e n c e d  by t h a t  ba nd ,  t h e  L^c minimum, 
o r  b o t h ,  (2) There  may be two s e t s  o f  l e v e l s ,  one a lways moving w i t h  the 
p r e s s u r e  c o e f f i c i e n t  o f  the  minima and th e  o t h e r  a s s o c i a t e d  w i t h  the
minima o r  the  v a l e n c e  band  as  shown (by the  d o t t e d  l i n e s )  i n  F i g .  ( 9 . 2 ) .
The l e v e l s  c r o s s  and th e  lower s e t  dom in a te  c a r r i e r  t r a p - o u t .  The
p o s i t i o n s  o f  the  two s e t s  o f  l e v e l s  e x t r a p o l a t e d  ba c k  to  ze ro  p r e s s u r e  
a r e  .048 and 0 , 2 9  eV. These v a l u e s  were  u s e d  to  f i t  the  r e s i s t a n c e  
cu rve  f o r  the  x = 0 .1  sample and t h e  r e s u l t s  a r e  shown i n  F i g .  ( 9 . 3 ) .  I t  
i s  c l e a r  t h a t  b o t h  l e v e l s  a r e  n e c e s s a r y  to  f i t  t h e  e x p e r i m e n t ,  and t h a t  
s a t i s f a c t o r y  ag reemen t  i s  o b t a i n e d .
Both models  p r o p o s e d  have  some s u p p o r t  i n  the  l i t e r a t u r e  [143 -+ 145] ,
A s h a r p  change i n  t h e  p r e s s u r e  de pendence  o f  donor  l e v e l s  i n  GaSb has
be e n  o b s e r v e d  by p h o t o lu m in e s c e n c e  [ 1 4 4 ] ,  b u t  was found to  be  i n a d e q u a t e  
t o  e x p l a i n  t h e  t r a n s p o r t  m ea s u rem e n ts .  On th e  o t h e r  hand b o t h  L and X 
t r a p s  have been  o b s e r v e d  i n d i v i d u a l l y  i n  I n  As [132] and' InP [ 8 3 ] ,  and 
i t  i s  a r e a s o n a b l e  p r o p o s a l  t o  assume th e  e x i s t a n c e  o f  s e v e r a l  l e v e l s  
above the  minimum i n  s i m i l a r i t y  w i t h  t h e  e x i s t e n c e  o f  many l e v e l s
P  ( K  b a r )
F i g u r e  9 - 3 P r e s s u r e  d e p e n d e n c e  o f  r e s i s t i v i t y  ( x  = 0 . 1 )
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i n  the  f u n d a m e n ta l  gap [ 1 4 6 ] .  I n  f a c t  a s i m i l a r  model has  been  
p r o p o se d  by V u l '  e t  a l .  [145]  f o r  group VI i m p u r i t i e s  i n  GaSb.
A n a l y s i s  f o r  o t h e r  a l l o y  c o m p o s i t i o n s  gave the  r e s u l t s  shown in  
F i g .  ( 9 . 4 ) ,  which  i n d i c a t e  t h e  p o s i t i o n s  o f  the  two s e t s  o f  l e v e l s  a t  
a tm o s p h e r i c  p r e s s u r e  r e l a t i v e  t o  t h e  band  s t r u c t u r e  o f  t h e  In  As j _ x Px 
a l l o y s .  I t  i s  i n t e r e s t i n g  to  o b s e r v e  t h a t  t h e  t r a p  e n e r g i e s  r e l a t i v e  
to  the  P j j , minimum a r e  d e c r e a s i n g  w i t h  i n c r e a s i n g  phosp h o ru s  c o n t e n t  
which  may s u g g e s t  t h a t  t h e  l e v e l s  a r e  f o l l o w i n g  the  change i n  t h e  h i g h e r  
minima r a t h e r  t han  t h e  T j c minimum.
9 . 4 . 2  Phase  t r a n s i t i o n
The d r a m a t i c  d e c r e a s e  i n  r e s i s t a n c e  a t  h i g h  p r e s s u r e  i s  d o u b t l e s s  
due to  a p h a s e  t r a n s i t i o n .  J a m ie so n  [147] has  r e p o r t e d  t h a t  b o t h  In  As 
and InP change from z i n c - b l e n d e  to  NaCl s t r u c t u r e  where they  a r e  b e l i e v e d  
to  be s e m i - m e t a l s .  The p r e s e n t  r e s u l t s  g i v i n g  f o r  the  f i r s t  t ime the  
v a r i a t i o n  o f  the  t r a n s i t i o n  p r e s s u r e  (P^) a c r o s s  t h i s  a l l o y  s y s te m  a r e  
shown i n  F i g .  ( 9 . 5 ) .  Also  shown a r e  p r e v i o u s  r e s u l t s  f o r  b u l k  I n  As [132] 
and InP [ 1 4 8 ] .  The r a t h e r  low r e s u l t  f o r  In  As may be due t o  e x t r a  
s t r a i n  i n t r o d u c e d  by l a t t i c e  mismatch  w i t h  t h e  s u b s t r a t e .  C a l c u l a t i o n s  o f  
Pj, as  a f u n c t i o n  o f  x u s i n g  the  t h e o r y  o f  Van Vech ten  [149] i s  a l s o  shown 
i n  F i g .  ( 9 . 5 ) .  The a lm o s t  l i n e a r  v a r i a t i o n  o f  P ,^ w i t h  x i s  as  measured  
a l t h o u g h  th e  t h e o r e t i c a l  v a l u e s  a r e  h i g h .  C o n s i d e r i n g  th e  a p p r o x i m a t io n s  
o f  t h e  t h e o r y  t h i s  i s  n o t  s u r p r i s i n g ,  b u t  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
much b e t t e r  ag reem en t  i s  o b t a i n e d  i f  the  m a t e r i a l  i s  assumed t o  t r a n s f o r m  
t o  t h e  3 - t i n  s t r u c t u r e  as i n  most  o t h e r  I I I - V  compounds.
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P h o s p h o r u s  c o n t e n t  x
F i g u r e  9 - 4  C o n d u c t i o n  b a n d  s t r u c t u r e  
o f  InA s- ,  P s h o w i n g  t r a p  l e v e l s .-L yC X
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An i n t e r e s t i n g  o b s e r v a t i o n  was made on t h e  phase  t r a n s i t i o n  o f  
th e  two a l l o y s  x = 0 .2  and x = 0 . 3 .  As shown i n  F i g .  ( 9 . 6 ) ,  a p r e s s u r e  
s t e p  i s  o b s e r v e d .  Th is  was f i r s t  b e l i e v e d  to  be due to  volume t a k e  up ,  
b u t  s i n c e  i t  was n o t  s e e n  a t  o t h e r  a l l o y  c o m p o s i t i o n s  t h i s  e x p l a n a t i o n  
became l e s s  l i k e l y ,  and i t  i s  p r o b a b l e  t h a t  we a r e  o b s e r v i n g  two phase  
t r a n s i t i o n s ,  a s e m i c o n d u c t o r  to  s e m i c o n d u c t o r  t r a n s i t i o n  f o l l o w e d  by 
a s e m i c o n d u c t o r  to  a s e m i - m e ta l  pha se  t r a n s i t i o n .  P h i l l i p s  [90] has  
p o i n t e d  o u t  t h a t  above a c r i t i c a l  i o n i c i t y  f j  = 0 . 3 5 ,  the  s e m i c o n d u c t o r  
f i r s t  t r a n s f o r m s  to  an i n s u l a t i n g  NaCl s t r u c t u r e ,  t h e n  to  a m e t a l  a t  
h i g h e r  p r e s s u r e s .  The i o n i c i t y  o f  the  In  As,  P a l l o y s  i n c r e a s e s
J L ^ X  X
f rom 0 .3 5 7  [90] i n  In  As to  0 . 4 2 1  [90]  i n  InP .  However , to  d e c id e  on 
t h i s  b e h a v i o u r  X-ray  m easurem ents  i n  the  t r a n s i t i o n  p r e s s u r e  r e g i o n  a r e  
n e c e s s a r y .
9 .5  C o n c lu s io n
An i m p e r f e c t i o n  l e v e l  i s  o b s e r v e d  w h ic h ,  w i t h  r e s p e c t  to  the  X
J. w
minima and v a l e n c e  b a n d ,  s t a y s  c o n s t a n t  w i t h  p r e s s u r e  w h i l e  deep i n  t h e  
band  gap .  E i t h e r  t h e  l e v e l  changes  i t s  p r e s s u r e  c o e f f i c i e n t  when becoming 
d e g e n e r a t e  w i t h  t h e  T jC minimum o r  i t  c r o s s e s  a n o t h e r  l e v e l  w i t h  a 
p r e s s u r e  c o e f f i c i e n t  o f  the  Lj^, minima.  The e n e r g i e s  o f  the  l e v e l s  a t  
a t m o s p h e r i c  p r e s s u r e  a r e  d e t e r m i n e d  and a r e  o b s e rv e d  to  d e c r e a s e  r e l a t i v e  
to  the  minimum w i t h  i n c r e a s i n g  p h o s p h o ru s  c o n t e n t .
The pha se  t r a n s i t i o n  p r e s s u r e  v a r i e s  f rom a b o u t  60 k - b a r  i n  I n  As 
t o  a bou t  100 k - b a r  i n  In P .  The v a r i a t i o n  o f  P^ w i t h  x i s " l i n e a r  and i s  
found t o  be i n  ag reem en t  w i t h  the  t h e o r y  of  Van V ech ten .
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-  1 7 7  -
P ressu re , kbar
F i g .  9 - 6  V a r i a t i o n  o f  R  w i t h  P  f o r  x  =  0 .  2
-  1 7 8  -
Both I n  As and InP have  d i r e c t  band gaps a t  k  = 0 ,  w i t h  the
L-minima b e i n g  t h e  l o w e s t  s a t e l i t e  v a l l e y s  ( l l , 1 2 ) .  I n  In  As,  t h e
fu n d a m e n ta l  gap E i s  s m a l l  ( 0 , 3 5  eV) (98) b u t  t h e  s ub -ba nd  gap 
§
i s  r e l a t i v e l y  l a r g e  t y 0 ,8 6  eV) so t h a t  a t  h i g h  e l e c t r i c  f i e l d s
im pac t  i o n i z a t i o n  o c c u r s  b e f o r e  e l e c t r o n  t r a n s f e r  becomes p o s s i b l e .
InP ,  on t h e  o t h e r - h a n d  has  a  l a r g e r  E (1 ,3 5  eV) (99) and a s m a l l e r
§
s ub-band  gap (AEj^ ~ 0 . 6  eV) (102) , a  s i t u a t i o n  which  i s  f a v o u r a b l e  
f o r  t h e  Gunn e f f e c t  and t h e r e f o r e  a t  h i g h  e l e c t r i c  f i e l d s  e l e c t r o n  
t r a n s f e r  to  t h e  L - v a l l e y s  t a k e s  p l a c e  and microwave o s c i l l a t i o n s  
a r e  g e n e r a t e d .  I n  t h e  I n  As P a l l o y s ,  E i n c r e a s e s  w h i l e  AE _X § 1 Li
d e c r e a s e s  w i t h  i n c r e a s i n g  x ,  and t h e r e f o r e  a t r a n s i t i o n  from impact  
i o n i z a t i o n  t o  t h e  Gunn e f f e c t  s h o u ld  be  o b s e rv e d  a s  t h e  band  s t r u c t u r e  
becomes more f a v o u r a b l e  t o  t h e  l a t t e r .  We have  o b s e rv e d  t h i s  t r a n s i ­
t i o n  as  a f u n c t i o n  o f  a l l o y  c o m p o s i t i o n  x and h y d r o s t a t i c  p r e s s u r e  P.  
The t r a n s i t i o n  o c c u r s  a t  x  = 0 . 3  and i s  o bse rve d  to  o c c u r  a t  ^10  k - b a r  
i n  t h e  a l l o y  x = 0 ,2  i n d i c a t i n g  t h a t  1% i s  e q u i v a l e n t  to  1 k - b a r .
Th i s  i s  i n  good ag reem en t  with,  t h e  r e s u l t s  o f  P i c k e r i n g  e t  a l  (67) 
on I n  As which  showed a s i m i l a r  t r a n s i t i o n  a t  33 k - b a r .  The 
s t r i k i n g  s i m i l a r i t y  i n  t h i s  c a s e  b e tw e en  a l l o y i n g  and p r e s s u r e  e f f e c t s  
i s  n o t  a s  s u r p r i s i n g  as  i t  may seem s i n c e  b o t h  c h a n g e s  i n f l u e n c e  
E^ and A E ^  i n  a v e r y  s i m i l a r  m anne r .  I t  i s  i n t e r e s t i n g  t o  n o t i c e  
t h a t  i f  one assumes a  p r e s s u r e  c o e f f i c i e n t  o f  10 3 e V / k - b a r  (7)- f o r  E , 
as  common i n  most  I I I - V  compounds, t h e n  an i n c r e a s e  o f  1 lc-bar  would
p ro d u ce  t h e  same change  i n  E as  1% i n c r e a s e  i n  x ,  wh ich  a g r e e s  w e l l
S
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w i t h  o u r  r e s u l t s .  F r o m  o u r  a n a l y s i s  o f  t h e  t r a n s i t i o n  r e g i o n  a s s u m i n g
-  1 7 9  -
AE_t = 1 ,16  E f l42)  and BAE^./SP = 7 x 10 3 eV/lc-bar  a t  t h e  t r a n s i -  l L g 1L
t i o n ,  we o b t a i n  v a l u e s  o f  AEj,^ o f  0 .71  and 0 .7 9  eV a t  x  = 0 . 3  and 0 ,2 1
r e s p e c t i v e l y .  These v a l u e s  a r e  compared w i t h  the  band s t r u c t u r e  of
t h e  a l l o y s  g i v e n  i n  R e f .  ( l34)  as  shown i n  F i g , ( 8 . 1 ) ,  and f o r  x = 0 . 2 ,
AE T a p p e a r s  t o  be s l i g h t l y  h i g h  s u g g e s t i n g  t h a t  e i t h e r  t h e r e  i s  1 L
l i t t l e  o r  no bowing f o r  t h e  m in ima,  o r  t h a t  t h e i r  assumed deforma­
t i o n  p o t e n t i a l  s h o u ld  be  n e a r l y  doub led  which  a l s o  i n d i c a t e s  t h a t
p r e s s u r e  and c o m p o s i t i o n  changes  o f  AE a r e  v e r y  s i m i l a r .I L
The t h r e s h o l d  f i e l d ,  F^,, was found t o  i n c r e a s e  s t e a d i l y  w i t h  x 
f rom a b o u t  1 kV/cm i n  I n  As t o  a b o u t  9 kV/cm in  I n P .  The v a l u e  f o r  
I n  As i s  i n  good a g re e m e n t  w i t h  p r e v i o u s  work ( 3 , 3 1 , 6 7 ) ,  w h i l e  t h a t  
o f  InP a l t h o u g h  lower  t h a n  th e  v a l u e  d e t e r m i n e d  by M a j e r f e l d  e t  a l  
(1 3 9 ) i s  i n  r a t h e r  good a g re e m e n t  w i t h  r e c e n t  m easurem ents  o f  
Kobayashi  e t  a l  ( l 5 l ) . S t r a t t o n ’ s t h e o r y  seems to  g iv e  a r e a s o n a b l e -  
e s t i m a t e  o f  t h e  v a r i a t i o n  o f  Fp w i t h  x a c r o s s  t h e  a l l o y s .  Th is  i s  
r a t h e r  s u r p r i s i n g  s i n c e  i n  t h e  Gunn r e g i o n ,  t h e  t h e o r y  does  n o t  t ake  
a c c o u n t  o f  i n t e r v a l l e y  s c a t t e r i n g  and changes  in  sub -band  gap .
I t  i s  n o t  t h e n  s u r p r i s i n g  t h a t  S t r a t t o n ' s  t h e o r y  o v e r - e s t i m a t e s  the  
p r e s s u r e  v a r i a t i o n  o f  i n  t h e  Gunn r e g i o n .  A l s o ,  i n  t h e  a v a l a n c h e  
r e g i o n  where t h e  t h e o r y  i s  e x p e c t e d  to  be a p p l i c a b l e  s i n c e  t h e  
c a r r i e r  d e n s i t y  f o r  t h e  m a t e r i a l  u sed  i s  g r e a t e r  t h a n  t h e  c r i t i c a l  
c a r r i e r  d e n s i t y  n^ ( 4 3 ) ,  t h e  t h e o r y  m a r g i n a l l y  u n d e r - e s t i m a t e s  the  
p r e s s u r e  v a r i a t i o n  o f  F^,. T h i s  t e n d s  t o  s u g g e s t  t h a t ,  t h e  dependence  
of  Fp on t h e  e f f e c t i v e  mass and p o l a r  phonon t e m p e r a t u r e  i s  
more c o m p l i c a t e d  t h a n  t h e  s im p le  dependence  g i v e n  by t h e  t h e o r y .  The 
a lm o s t  s i m i l a r  v a r i a t i o n  o f  F ,^ w i t h  P and x i n  the  a v a l a n c h e  r e g i o n  
must  p o i n t  t o  the  dominance o f  t h e  e f f e c t i v e  mass which  v a r i e s  
s i m i l a r l y  w i t h  p r e s s u r e  and c o m p o s i t i o n .
-  1 8 0  -
The t h r e s h o l d  v e l o c i t y  v ^ ,  a l s o  v a r i e d  s i m i l a r l y  w i t h  P and x
i n  t h e  a v a l a n c h e  r e g i o n ,  a g a i n  i n d i c a t i n g  t h a t  t h e  i m p o r t a n t  v a r i a b l e
f t  .  .
f o r  t h i s  r e g i o n  i s  m^. I n  t h e  Gunn r e g i o n ,  however ,  t h e  v a r i a t i o n
of  Vj, w i t h  P and x a p p e a r s  t o  be q u i t e  d i f f e r e n t ,  which i s  e x p e c t e d  
due t o  t h e  d i f f e r e n t  dependence  o f  F ,^ ( s i n c e  v^, -  yF^) . But a l s o  
the  m o b i l i t y  v a r i e s  d i f f e r e n t l y  w i t h  P and  x ,  the  d i f f e r e n c e  i s  
m a in ly  due t o  the  p r e s e n c e  o f  i m p u r i t i e s  which  v a r i e s  w i t h  x b u t  
rem a ins  c o n s t a n t  unde r  p r e s s u r e .  I n  t h e  p u r e  m a t e r i a l  t h i s  d i f f e r e n c e  
w i l l  a lm o s t  d i s a p p e a r  and t h e  ag re e m e n t  b e tw een  p r e s s u r e  and composi­
t i o n  dependence  o f  v i s  e x p e c t e d  t o  improve as  o b s e rv e d  i n  F i g .  ( 8 . 5 ) .
The a lm o s t  c o n s t a n t  in d ep e n d e n c e  o f  F ,^ w i t h  p r e s s u r e  ( F i g .  8 .4 )  
i s  i n  good a g reem en t  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  C. P i c k e r i n g  
on GaAs ( 8 3 ) ,  G.D. P i t t  (5 ) and more r e c e n t l y  Kobayash i  e t  a l  ( l 5 l )  on 
InP .
The m agn i tu de  o f  v^ i n  t h e  I n  As samples  m easu red  h e r e  i s  
^  1 ,3  x 107 cm/s which  i s  lower t h a n  t h e  v a l u e  o f  1 . 9  x 107 cm/s
r e p o r t e d  by Bauer  and Kuchar  (3 ) r e f l e c t i n g  t h e  lower  m o b i l i t y  o f  our  
samples  (fe 12 ,000  cm2/ V / S ) . Assuming t h a t  F^ i s  1 kV/cm as  m e a s u r e d ,  
and a  p o l a r  phonon l i m i t e d  m o b i l i t y  o f  30 ,000  cm2/V /S ,  we p r e d i c t  a 
maximum v a l u e  o f  v^  5 3 x 1 0 7 cm/s i n  t h e  p u r e  m a t e r i a l  wh ich  i s  
com parab le  t o  r e c e n t  e s t i m a t e  by Hi l sum ( 6 ) .
Our measured  v a l u e s  o f  v T i n  InP  a r e  2 .3 2  and 2 ,45  x 107 cm/s 
which a r e  i n  good ag reem en t  w i t h  t h e  m easu rem en ts  o f  M a j e r f e l d  e t  a l  
( l39)  who o b t a i n e d  2 . 4  x 107 cm /s .  The v a l u e s  c a l c u l a t e d  u s i n g  the  
Monte C a r lo  p rogram  a l s o  f a l l  w i t h i n  t h i s  r a n g e .
-  1 8 1  -
Monte C a r lo  s i m u l a t i o n  o f  t h e  Gunn e f f e c t  i n  t h e  a l l o y s  were 
made u s i n g  t h e  a p p r o p r i a t e  v a r i a t i o n s  o f  d i f f e r e n t  m a t e r i a l  p a r a ­
m e t e r s  as  d e s c r i b e d  i n  C h a p t e r  5 .  The band s t r u c t u r e  o f  t h e  a l l o y s  
(104 ,134  ) shows v e r y  l i t t l e  bowing and most  p a r a m e t e r s  a r e  t h o u g h t  
t o  v a r y  a lm o s t  l i n e a r l y  w i t h  c o m p o s i t i o n .  However , b e c a u s e  o f  r e c e n t  
work by Kelcel idze  e t  a l  ( l l 5 )  which  i n d i c a t e s  t h e  e x i s t a n c e  o f  p o l a r  
phonons a s s o c i a t e d  w i t h  I n  As and InP a c r o s s  t h e  whole a l l o y  r a n g e ,
a r e l a t i v e l y  s t r o n g  n o n - l i n e a r i t y  i n  T i s  assumed by t a k i n g  a
P
w e i g h te d  a v e ra g e  o f  t h e  two modes.  A l t e r n a t i v e  c h o i c e s  o f  t h e
v a r i a t i o n  o f  T have  a l s o  be e n  c o n s i d e r e d  i n  ou r  c a l c u l a t i o n s .
P
The v a r i a t i o n s  o f  t h e  d i e l e c t r i c  c o n s t a n t s  and T (93} w i t h  p r e s s u r e
.  *were assumed n e g l i g i b l e  and o n ly  t h o s e  v a r i a t i o n s  o f  m , a  and AErTc 1 I j
have  b e e n  t a k e n  i n t o  a c c o u n t .
I n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  a r e  i m p o r t a n t  b u t  u s u a l l y  u n c e r t a i n  
p a r a m e t e r s  i n  t h e  Monte C a r lo  c a l c u l a t i o n s .  F o r t u n a t e l y ,  a g r e a t  d e a l  
o f  work has  a l r e a d y  been  done to  d e c i d e  t h e  c o r r e c t  p a r a m e t e r s  f o r  
p u r e  I n P .  The v a l u e s  u s e d  h e r e  a r e  13 .7  and 1 ,4  x 108 eV/cm f o r  t h e  
F-L s c a t t e r i n g  and 5 ,6  x 108 eV/cm f o r  L-L s c a t t e r i n g  a s  g i v e n  by 
H e r b e r t  e t  a l  ( l 16 ) .  O the r  i n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  a r e  l e s s  
i m p o r t a n t  s i n c e  o n ly  t h e  two l e v e l  model  i s  o p e r a b l e .  Fo r  I n  As, 
t h e  c o u p l i n g  c o n s t a n t s  were  c h o s en  t o  be  D , = 5 ,9  and 1 .3 3  x 108 eV/cm
1 Li
and = x 8e^ / cm f o l l o w i n g  s u g g e s t i o n  by H e r b e r t  (117) t h a t
t h e  a p p r o p r i a t e  v a l u e s  f o r  t h e  c o u p l i n g  c o n s t a n t s  s h o u ld  l i e  be tw een  
t h o s e  o f  GaAs and I n P .  These v a l u e s  a r e  u n s c r e e n e d ,  b u t  a l s o  o t h e r  
p a r a m e t e r s  i n c l u d i n g  t h e  s c r e e n e d  v a l u e s  were a l s o  t r i e d  f o r  co m p a r i s o n .
-  1 8 2  -
The c o u p l i n g  c o n s t a n t s  f o r  t h e  a l l o y s  were o b t a i n e d  by l i n e a r  
i n t e r p o l a t i o n  o f  t h e  v a l u e s  i n  t h e  p a r e n t  compounds a t  a r e f e r e n c e  
t e m p e r a t u r e  o f  300°K. I n t e r v a l l e y  phonons were g rouped  i n  t h e  
same manner as g i v e n  i n  r e f e r e n c e  ( l l 6 ) .
Us ing  t h e  u n s c r e e n e d  v a l u e s  o f  t h e  c o u p l i n g  c o n s t a n t s ,  and 
i n c o r p o r a t i n g  i m p u r i t y  s c a t t e r i n g  c o r r e s p o n d i n g  to  t h e  sam ples  u s e d ,  
t h e  Monte C a r lo  c a l c u l a t i o n s  c o u ld  p r e d i c t  w i t h  r e a s o n a b l e  a c c u r a c y  
t h e  v a r i a t i o n  o f  and v^ w i t h  b o t h  p r e s s u r e  and c o m p o s i t i o n .  We 
t h e r e f o r e  used  t h e s e  c a l c u l a t i o n s  t o  p r e d i c t  t h a t  i n  t h e  p u r e  m a t e r i a l ,  
t h e  peak  v e l o c i t y  a t t a i n a b l e  s h o u l d  r i s e  f rom 2 .6  x 10 7 cm/s  i n  InP t o  
'b 3 , 1  x l o 7 cm/s i n  I n  As^ 7 P q 3 ancl t l l ^ s tren<J a p p e a r s  to  be 
r e l a t i v e l y  i n d e p e n d e n t  o f  which  r  +-+L i n t e r v a l l e y  c o u p l i n g  c o n s t a n t s  
a r e  c h o s e n .  Th is  v a r i a t i o n  i s  a l s o  i n  ag reem en t  w i t h  t h e  Monte C a r lo  
c a l c u l a t i o n s  o f  H ause r  e t  a l  ( l4o )  who i n c l u d e d  a l l o y  a s  w e l l  a s  
i m p u r i t y  s c a t t e r i n g .
I t  i s  o f  i n t e r e s t  to  compare some o f  t h e  p r o p e r t i e s  o f ,  f o r  
e xample ,  i d e a l  I n  AsQ 7 Pq 3 t *1036  ° f  GaAs. A l though  i s
somewhat  h i g h e r  i n  t h e  a l l o y ,  i t s  low f i e l d '  m o b i l i t y  and t h e o r e t i c a l  
peak  v e l o c i t y  a r e  a lm o s t  50% g r e a t e r ,  s u g g e s t i n g  t h a t  t h i s  c o u ld  be  
a b e t t e r  m a t e r i a l  f o r  h i g h  f r e q u e n c y  s e m ic o n d u c to r  d e v i c e s .  C l e a r l y ,  
however ,  t h e  p rob lem s  o f  m a t e r i a l  p r e p a r a t i o n  a r e  c o r r e s p o n d i n g l y  
h i g h .  One m a jo r  o b s t a c l e  may be  d i s l o c a t i o n s  due t o  l a t t i c e  mismatch 
w i t h  t h e  s u b s t r a t e  ( l 3 4 ) . These may w e l l  be  t h e  b a s i c  c a u s e  why t h e  
e p i t a x i a l  l a y e r s  u sed  h e r e ,  w h ich  were grown on InP s u b s t r a t e s  
showed p o o r e r  p r o p e r t i e s  w i t h  d e c r e a s i n g  phosphorous c o n t e n t .
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H a l l  e f f e c t  m easurem ents  t o  15 k - b a r s  have  shown c a r r i e r  t r a p  
o u t  to  i m p u r i t y  l e v e l s  above t h e  minimum which was c o n f i r m e d  by 
low t e m p e r a t u r e  H a l l  e f f e c t  m ea s u rem e n ts .  These m easu rem en ts  a l s o  
showed t h a t  t h e  m o b i l i t y  v a r i a t i o n  w i t h  x ,P  and T i n  t h e  a l l o y s  can 
be a c c o u n t e d  f o r  by combined p o l a r  o p t i c a l  and i m p u r i t y  s c a t t e r i n g  
c a l c u l a t e d  u s i n g  E h r e n r e i c h  and Broo lcs -H er r ing  r e l a t i o n s .  The t o t a l  
d e n s i t y  o f  i m p u r i t i e s  were found  to  v a r y  from fe 5 x 1016 cm 3 i n  InP 
to  fe 1 x 1017 cm 3 i n  I n  As which  c o r r e s p o n d s  t o  v a r i a t i o n  o f  m o b i l i t y  
f rom fe 3500 cm2/V/S to  fe 12500 cm2/ V / s  r e s p e c t i v e l y .
E x t e n s i o n  o f  t h e  r e s i s t i v i t y  m easurem ents  t o  o v e r  100 k - b a r s  
showed i n  a d d i t i o n  to  t h e  r e l a t i v e l y  low t r a p p i n g  r a t e  a t  low p r e s s u r e s ,  
a d r a m a t i c  i n c r e a s e  i n  r e s i s t a n c e  above 20 k - b a r  f o l l o w e d  by  a l a r g e  
s h a rp  drop a t  h i g h e r  p r e s s u r e s  due t o  a  p r e s s u r e  induced  p h a s e  
t r a n s i t i o n .  The h i g h  p r e s s u r e  p h a s e  i s  b e l i e v e d  to  be  a  s e m i -m e ta l  
w i t h  t h e  sodium c h l o r i d e  s t r u c t u r e .  The t r a n s i t i o n  p r e s s u r e  i s  found 
to  v a r y  a lm o s t  l i n e a r l y  w i t h  x f rom fe 60 k - b a r  i n  I n  As to  fe 100 k - b a r  
i n  I n P .  Th is  t y p e  o f  v a r i a t i o n  i s  i n  f a i r l y  good a g reem en t  w i t h  t h e  
t h e o r y  o f  Van Vech ten  ( l 4 9 ) . T h i s  a g re e m e n t  g i v e s  some c r e d i t  to  the  
t h e o r y  which h a s  n o t  b e e n  t e s t e d  p r e v i o u s l y  i n  t h i s  f a s h i o n  due to  
l a c k  o f  e x p e r i m e n t a l  d a t a  on a l l o y s .  A l though  t h e  a b s o l u t e  v a l u e s  
p r e d i c t e d  by t h e  t h e o r y  a r e  h i g h e r  t h a n  o u r  r e s u l t s ,  b e t t e r  ag reem en t  
c o u ld  be  o b t a i n e d  i f  the m a t e r i a l  i s  assumed to  t r a n s f o r m  to  t h e  p - t i n  
s t r u c t u r e  r a t h e r  t h a n  t h e  sodium c h l o r i d e  s t r u c t u r e  as  i n  most  o t h e r  
I I I - V  compounds.
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The measured  v a l u e  f o r  InP i s  i n  good ag reem en t  w i t h  t h a t  
o b s e r v e d  by P i e r m a r i n i  and Block ( l 4 8 ) , w h i l e  t h e  v a l u e  f o r  I n  As 
i s  s l i g h t l y  low compared w i t h  t h a t  o b t a i n e d  by Vyas and P i t t  ( l32)  
which  may be  due t o  e x t r a  s t r a i n  p ro d u ce d  by l a t t i c e  m is - m a tc h .
A n a l y s i s  o f  c a r r i e r  t r a p - o u t  a s sum ing  F e r m i - D i r a c  s t a t i s t i c s  
and a s i n g l e  l e v e l  model  w i t h  t h e  m easu red  donor  d e n s i t y  shows t h a t  
w i t h  r e s p e c t  t o  t h e  minima and v a l a n c e  ba nd ,  t h e  l e v e l  r e m a in s  
s t a t i o n a r y  w i t h  p r e s s u r e  w h i l e  deep  i n  t h e  band  gap .  As t h e  p r e s s u r e  
i s  lowered  and t h e  l e v e l  becomes d e g e n e r a t e  w i t h  t h e  minimum, i t
e i t h e r  changes  i t s  p r e s s u r e  c o e f f i c i e n t  o r  c r o s s e s  a n o t h e r  l e v e l  w i t h  
t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  minimum. The e n e r g i e s  o f  t h e  
l e v e l s  a r e  l o c a t e d  above t h e  minimum as p l o t t e d  i n  F i g .  ( 9 . 4 ) ,  
and a r e  o b s e rv e d  t o  d e c r e a s e  s l i g h t l y  r e l a t i v e  t o  t h e  minimum
w i t h  i n c r e a s i n g  p h ospho rous  c o n t e n t  wh ich  may s u g g e s t  t h e  i n f l u e n c e  
o f  t h e  h i g h e r  minima and v a l a n c e  b a n d .  The h i g h e r  l e v e l  i n  I n  As 
i s  i n  good a g re e m e n t  w i t h  t h e  r e s u l t  o f  P i t t  and Vyas ( l 3 2 } .
D i s c u s s i o n  and Comments
T h i s  s e c t i o n  i s  i n t e n d e d  t o  th row l i g h t  on some o f  t h e  many 
p o i n t s  i n  t h i s  work which  a r e  open to  f u r t h e r  r e s e a r c h  and s u g g e s t  
e x p e r i m e n t s  which  c o u ld  be  u s e f u l  f o r  t h e i r  i n v e s t i g a t i o n .  Also we 
hope  t o  comment on the  p o s s i b i l i t y  o f  im prov ing  t h e  peak d r i f t  v e l o c i t y  
i n  t h e  I n  As, P a l l o y s .l^X X
P e r h a p s  one o f  t h e  i n t e r e s t i n g  p o i n t s ,  i s  t h e  o b s e r v a t i o n  o f  a welL  
d e f i n e d  p r e s s u r e  s t e p  i n  t h e  p h a s e  t r a n s i t i o n  of  t h e  a l l o y s  x  = 0 .2
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and 0 . 3 ,  ( F ig .  9 . 6 ) .  At t h e  p r e s e n t  t im e  we can on ly  s p e c u l a t e
on t h e  c a u s e  o f  t h i s  phenomena,  which  we t h i n k  may be due t o  a
t r a n s i t i o n  f i r s t  to  t h e  sodium c h l o r i d e  s t r u c t u r e  t h e n  to  t h e  p - t i n
s t r u c t u r e .  Th is  s p e c u l a t i o n  i s  s u p p o r t e d  by t h e o r e t i c a l  p r e d i c t i o n
(9.0 ) o f  t h e  e x i s t e n c e  o f  a t r i p l e '  p o i n t  i n  t h e  P ,^ -  f  j  d i ag ram
( f j  i s  t h e  i o n i c i t y  o f  t h e  s e m i c o n d u c t o r )  which  o c c u r s  a t  a c r i t i c a l
i o n i c i t y  f  c l o s e  t o  t h e  v a l u e  c a l c u l a t e d  f o r  x = 0 . 2 .  Also  i t  s hou ld  c
be p o s s i b l e  to  o b s e rv e  two t r a n s i t i o n s  i n  a l l  a l l o y s  o f  f j  > f  and 
t h i s  would  r e q u i r e  g o in g  up t o  h i g h e r  p r e s s u r e s ,  however ,  w i t h  
r e s i s t i v i t y  m ea su rem e n ts ,  we e x p e c t  t h e  second  t r a n s i t i o n  i n  t h i s  
c a s e  t o  be l e s s  w e l l  d e f i n e d  and may be d i f f i c u l t  to  d e t e c t  s i n c e  
f o l l o w i n g  t h e  f i r s t  t r a n s i t i o n ,  t h e  r e s i s t a n c e  i s  a l r e a d y  v e r y  low.
To i d e n t i f y  the  p h a s e s ,  X- ray  m easu rem en ts  a t  t h e  t r a n s i t i o n  p r e s s u r e  
a r e  n e e d e d .
Although  t h e  t h e o r y  o f  Van V ech ten  i s  r e l a t i v e l y  s i m p l e ,  i t  i n ­
v o l v e s  t e d i u s  c a l c u l a t i o n  and a l s o  t h e  v a l u e s  of  P^ p r e d i c t e d  by the  
t h e o r y  a r e  m a r g i n a l l y  h i g h e r  t h a n  e x p e r i m e n t .  We t h i n k  i t  may be 
p o s s i b l e  t o  p r e d i c t  P^ more r e a d i l y  w i t h  a  much s i m p l e r  a p p r o a c h .
The c a l c u l a t i o n  o f  P ,^ u s i n g  Van Vech ten  t h e o r y  i s  i n  p r i n c i p l e  made 
by e q u a t i n g  t h e  e n e rg y  r e q u i r e d  f o r  t r a n s i t i o n  to  t h e  change  i n  
i n t e r n a l  e n e rg y  ( t h e  change i n  e n t r o p y  i s  v e r y  s m a l l  and t h e r e f o r e  
assumed n e g l i g i b l e )  i . e .  s e t t i n g  PT AVT = AET< I t  i s  e a s y  to  show 
t h a t  t h i s  r e l a t i o n  can  be w r i t t e n  i n  t h e  form:
AE,
P T P V T T
C ^ ,  w h e r e  C ,^ i s  s o m e  e l a s t i c  c o n s t a n t
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and i s  t h e  volume a t  t h e  t r a n s i t i o n .  Us ing a v a i l a b l e  d a t a ,  we
have  a t t e m p t e d  l o o k i n g  f o r  t r e n d s  i n  t h e  r e l a t i o n  be tw een  P and
v a r i o u s  e l a s t i c  c o n s t a n t s ,  namely  and t h e  b u l k  modulus
B. Only C . . showed a  t r e n d ,  and t h e  r e l a t i o n  be tw een  Pm and C , .y 44 T 44
f o r  I I I - V  compounds was found  t o  be  a s t r a i g h t  l i n e .  I t  shou ld
a e t
be  f a i r l y  e a sy  t o  check  by c a l c u l a t i o n  t h a t  t h e  q u a n t i t y  — ■
T T
i s  c o n s t a n t .  However ,  more e x p e r i m e n t a l  d a t a  a r e  r e q u i r e d  f o r  f u r t h e r  
c h e c k s ,  and more s tu d y  i s  needed  t o  u n d e r s t a n d  why t h e  t r a n s i t i o n  
p r e s s u r e  i s  r e l a t e d  t o  r a t h e r  t h a n  t h e  Bulk modulus .
Van Vech ten  ( l49)  p r e d i c t s  an i n c r e a s e  i n  P^, w i t h  d e c r e a s i n g  
t e m p e r a t u r e ,  which  can  a l s o  be  p r e d i c t e d  u s i n g  t h e  above m en t ioned  
r e l a t i o n ,  A u s e f u l  e x p e r i m e n t  would be  t o  s tu d y  t h e  e f f e c t  o f  
t e m p e r a t u r e  on P and compare i t  w i t h  t h e  t h e o r y .
We have  lo oked  a t  i m p u r i t y  l e v e l s  and a s s o c i a t e d  c a r r i e r  t r a p -  
o u t  i n  t h e  a l l o y s  and o b s e r v e d  two s e t s  o f  t r a p s ,  an L - l i k e  and an 
X - l i k e  t r a p .  Only t h e  X - l i k e  was r e p o r t e d  by P i c k e r i n g  (83) i n  b u l k  
I n  As, which s u g g e s t s  t h a t  t h e  lower  l e v e l  may be r e l a t e d  t o  l a t t i c e  
m ismatch .  I f  t h i s  i s  t r u e  t h e n  t h i s  l e v e l  sho u ld  d i s a p p e a r  when 
t h e  s u b s t r a t e  i s  e t c h e d  away. On t h e  o t h e r  hand i t  h a s  be e n  s u g g e s t e d  
( l52)  t h a t  a r s e n i c  v a c a n c i e s  c r e a t e  t r a p  l e v e l s  above t h e  minimum. 
A r s e n i c  v a c a n c i e s  c o u ld  t h e r e f o r e  be  t h e  s o u r c e  o f  t h e  X - l i k e  t r a p  
s i n c e  t h e y  c o u ld  be  common t o  b o t h  b u l k  and e p i t a x i a l  m a t e r i a l .  A 
n i c e  e x p e r i m e n t  t o  i n v e s t i g a t e  t h i s  would be t o  a n n e a l  t h e  m a t e r i a l  
so a s  to  i n c r e a s e  t h e  d e n s i t y  o f  As v a c a n c i e s  and see  how t h i s  w i l l  
i n f l u e n c e  t h e  t r a p  e n e rg y .
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I n  the  x = 0 , 3  a l l o y ,  h i g h  peak  v e l o c i t y  may be o b t a i n a b l e .
I f  one assumes t h e  s a t u r a t i o n  v e l o c i t y  does  n o t  change  much be tw een  
InP and I n  As^  ^ P^ t h e n  a h i g h e r  peak  t o  v a l l e y  r a t i o  i n  t h e  
x = 0 . 3  a l l o y  may be o b t a i n a b l e  and  h ence  a h i g h e r  e f f i c i e n c y  
Gunn d e v i c e .  I t  would be t h e r e f o r e  u s e f u l  t o  s tu d y  by Monte C a r lo  
c a l c u l a t i o n s  how t h e  peak  t o  v a l l e y  r a t i o  and n e g a t i v e  d i f f e r e n t i a l  
m o b i l i t y  would v a r y  a c r o s s  t h e  a l l o y s .
There i s  p o s s i b l y  two main c a u s e s  f o r  t h e  low m o b i l i t y  i n  ou r  
s a m p le s ,  i . e .  l a t t i c e  mismatch  and i m p u r i t i e s .  While  t h e  f i r s t  
can be  g r e a t l y  r e d u c e d  o r  e ven  e l i m i n a t e d ,  t h e  second  i s  more 
d i f f i c u l t  t o  m a n i p u l a t e .  The d i s t r i b u t i o n  c o e f f i c i e n t  o f  some 
i m p u r i t i e s  i n  I n  As. P was shown to  i n c r e a s e  by a f a c t o r  o f  ^  10
1 *“ X  X
when x i s  d e c r e a s e d  to  0 , 8  and t h e n  c o n t i n u e s  i n c r e a s i n g  s l o w l y  w i t h
d e c r e a s i n g  x .  I n  f a c t ,  f o r  Te t h e  d i s t r i b u t i o n  c o e f f i c i e n t  i n c r e a s e s
by two o r d e r s  o f  m a g n i tu d e .  T h i s  i n d i c a t e s  t h a t  t h e r e  would be
g r e a t  d i f f i c u l t y  i n  o b t a i n i n g  h i g h  p u r i t y  a l l o y s  as  compared t o  InP .
On th e  o t h e r  hand  l a t t i c e  mismatch  can  be e l i m i n a t e d  i f  b u l k  c r y s t a l s
a r e  grown,  o r  o t h e r w i s e  i t  co u ld  be  g r e a t l y  r e d u c e d  by i n t r o d u c i n g
b u f f e r  l a y e r s .  For  example ,  Masatalca e t  a l  ( l53)  h a s  o b s e r v e d  an
i n c r e a s e  i n  t h e  m o b i l i t y  o f  I n Q ^As by 50% by i n s e r t i n g  b u f f e r
l a y e r s  t o  r e l a x  t h e  s t r a i n  n e a r  t h e  i n t e r f a c e  be tw een  s u b s t r a t e  and
e p i t a x i a l  l a y e r  i n d u c e d  by a l a t t i c e  m is m a tc h .  We c a l c u l a t e  t h e
As.s t r a i n  i n  I n ^  . Ga_ „As t o  be —  ^ 0 , 7 %  w h i l e  i n  I n  As_ .. P rt _ 'w 2.2%,u . i  u .y  a U . /  0 . 3
which may i n d i c a t e  t h e  p o s s i b i l i t y  o f  g r e a t  improvement  -in t h i s  a r e a .  
However ,  i n  t h e  l e a s t ,  f rom t h e  work o f  Thompson and Wagner ( l 2 9 ) ,  a 
m o b i l i t y  o f  'v* 11 ,000  i n  b u l k  I n  Asq 7 3 a - ^ ° y s *-s f e a s i b l e .  When
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t h i s  i s  compared t o  t h e  m o b i l i t y  o f  ou r  samples  (fe 9000 cm2/V/S)  
t h e  m easu red  v T s c a l e s  t o  a  r e a l i s t i c  v a l u e  o f  fe 2 .9  x 1 0 7 cm/s 
which may be e a s i l y  a c h i e v e d .
-  1 8 9  -
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